Introduction {#s1}
============

Microtubules (MTs) are ubiquitous cytoskeletal polymers built from α/β-tubulin heterodimers that assemble into a pseudo-helical cylinder. They are responsible for essential processes during cell growth and division, including chromosome segregation, intracellular transport, cell support and motility ([@bib22]). MTs perform these functions by serving as scaffolds for other proteins and engaging mechanical forces through their dynamic behavior ([@bib32]; [@bib43]). Due to its central role in cell biology, tubulin is a reference target for antitumor drugs that modulate protein dynamics. Therefore, understanding the molecular mechanisms of tubulin activation and deactivation is crucial to designing more effective compounds that overcome cell resistance and lower the toxicity of compounds in clinical use.

Tubulin exists in two different conformations related to its polymerization state: curved (depolymerized) and straight (assembled into MTs) ([@bib10]; [@bib32]; [@bib59]; [@bib71]). The binding and hydrolysis of guanosine nucleotides rule the polymerization-depolymerization of tubulin through chemical-linked conformational stages. GDP-tubulin remains inactive in the cytoplasm and the GTP exchange at the exchangeable site (E) on β-tubulin activates the α/β-heterodimers, providing interacting surfaces prone to the addition onto growing bent sheets or protofilaments (PFs) at the MT end ([@bib15]; [@bib53]). The formation of lateral contacts between PFs at the MT tip contributes to tubulin straightening ([@bib61]), which is key to creating a hydrolysis competent state ([@bib60]; [@bib62]). GTP hydrolysis at the E-site in β-tubulin induces conformational changes ([@bib2]) driving the 'peeling-off' disassembly of MTs ([@bib15]; [@bib47]). MTs' continuous growth and shrinkage generate the motion of these filaments, which is known as dynamic instability ([@bib56]) and involves transient polymer intermediates adopting various nucleotide and conformational states, of which we are getting the first structural glimpses ([@bib2]; [@bib83]; [@bib84]). The GDP-bound tubulin forming the body of the MT has a compact, straight and regular lattice, whereas the tip of the MT contains GTP- and GDP•P~i~-bound tubulin molecules, and is known as the GTP-cap. This growing MT end varies in size ([@bib27]) and decreases in stability with age due to GTP hydrolysis and/or P~i~ release ([@bib11]; [@bib27]; [@bib26]; [@bib31]; [@bib56]; [@bib64]). The GTP-cap prevents MT depolymerization but its lattice pattern is poorly understood. It has been described as having a tapered shape ([@bib47]) or as outwardly curved sheets ([@bib5]; [@bib15]; [@bib34]), though a recent study suggests flared, curved PFs at growing MT ends ([@bib53]). It is believed that when GTPase activity reaches the tip and no new capping tubulins are added, MTs switch from growing to shrinking in a multi-step process ([@bib72]; [@bib79]) required for the GTP-cap to disappear.

Insight into the nature of the GTP-cap is fundamental to understanding the mechanisms governing MT dynamics and developing new modulating compounds targeting MTs. Here, we address this question using a combination of high- and low-resolution structural techniques with a biochemically controlled in vitro system applied to tubulin and MTs. The use of multiple γ-phosphate analogues (BeF~3~^-^, AlF~x~) and nucleotides (GMPCPP, GMPPCP, GMPCP) allows us to develop systems that model MTs in their GTP-bound, transitional (GDP•P~i~) and metastable (GDP-bound) states. In this model, all tubulin states would be compacted, which contrast with the widely accepted model of an expanded GTP-lattice that would compact after GTP hydrolysis ([@bib2]). We further propose that if previously observed lattice expansion actually occurs during cap maturation, it happens at a post-hydrolysis stage, between the transitional (GDP•P~i~) and the metastable GDP-bound states, being an expanded intermediate conformational stage required for P~i~ release.

Results {#s2}
=======

Phosphate analogues mimic activation and transition states at the hydrolytic E-site {#s2-1}
-----------------------------------------------------------------------------------

AlF~x~ and BeF~x~ are small inorganic molecules that mimic the chemical structure of phosphate ([@bib6]) and can bind and activate GDP-bound proteins ([@bib23]; [@bib58]). BeF~x~ complexes are strictly tetrahedral due to the sp3 orbital hybridization, whereas AlF~x~ is hexacoordinate ([@bib20]; [@bib49]) and closely resembles the bipyramidal transition state of phosphate. We combined structural and biochemical studies to validate and correlate the complexes of GDP-tubulin with these γ-phosphate analogues, in both GTP-activated (BeF~3~^-^) and GDP•P~i~ transition (AlF~4~^-^/AlF~3~) states.

To determine the crystal structure of GDP-tubulin bound to each of the γ-phosphate analogues, we used a tubulin complex with RB3 and TTL ([Figure 1A](#fig1){ref-type="fig"}), referred to T~2~R-TTL ([@bib65]). We included a GDP exchange step during sample preparation ([@bib24]) to ensure the GDP's presence at the E-site. Before setting crystallization plates, we incubated the GDP-T~2~R-TTL complexes with either BeF~3~^-^ or AlF~x~ (prepared in situ from mixtures of AlCl~3~ and HKF~2~ to avoid Al precipitation) to produce GDP-T~2~R-TTL-BeF~3~^-^ and GDP-T~2~R-TTL-AlF~x~ complexes, respectively. We noticed that BeF~3~^-^ and AlF~x~ cleared easily from the nucleotide binding pocket during crystals manipulation, which could be related to their low binding affinity to soluble curved tubulin (see below). After several attempts, we found the BeF~3~^-^ and AlF~3~ moieties at the E-site of chains D and B ([Figure 1A--B](#fig1){ref-type="fig"}), respectively.

![Structure of tubulin bound to GDP-phosphate analogues.\
(**A**) The T~2~R-TTL complex includes one RB3 molecule (orange), one TTL molecule (pink) and two tubulin heterodimers: α-tubulin (dark gray, GTP-bound, chains A and C), β-tubulin (light gray, GDP-bound, chains B and D). (**B**) Composite omits maps of BeF~3~^-^ (*left*) and AlF~3~ (*middle* and *right*): mFo-DFc maps (blue, contour level 1.0) of nucleotide and Mg^2+^ ions combined with 2mFo-DFc maps (green, contour level 3.0) of the related phosphate analogues. (**C**) GTP (PDB 5xp3, black) and GDP- (PDB 4i55, gray) bound β-tubulin highlighting the localization of secondary structural elements surrounding the nucleotide-binding site according to [@bib45] and alternative positions of T5 loop depending on the nucleotide-bound state. (**D**) Chain D alignment of GDP-BeF~3~^-^ structure (blue) with GMPCPP-bound (PDB 3ryh, orange), GTP-bound (black) and GDP-bound (gray) structures showing BeF~3~^-^/γ-phosphates co-localization, differences on the position of Mg^2+^ ions depending on the nucleotide-bound state (4.5 Å apart), and T5 loop in a GTP-like ('out') conformation. (**E**) Chain B alignment of GDP-AlF~3~ (red) structure with GMPCPP-bound (orange) and GDP-bound (gray) structures highlighting that AlF~3~ sits out of the γ-phosphate site at 2.77 Å from the Mg^2+^ ion (in a position equivalent to that on the GDP-bound structure). (**F**) Chain D alignment of GDP-AlF~3~ (red) structure with GTP-bound (black) and GDP-bound (gray) structures showing the dual conformation of T5 loops.](elife-50155-fig1){#fig1}

The GDP-BeF~3~^-^ structure ([Table 1](#table1){ref-type="table"}, data collection and refinement statistics), shows the phosphate analogue in a tetrahedral state at a distance from the β-phosphate that is similar to the distance observed between the β- and γ-phosphate atoms in the GTP-bound state ([Figure 1D](#fig1){ref-type="fig"}), and not further as expected for the transitional GDP•P~i~ state ([@bib81]). Consistent with reported GTP- and GMPCPP-bound tubulin structures, one Mg^2+^ ion coordinates both the β-phosphate and the BeF~3~^-^ in a position clearly different than that of GDP-bound tubulin structures (\~4.5 Å apart, [Figure 1D](#fig1){ref-type="fig"}). The GDP-BeF~3~^-^ complex is stabilized via hydrogen bonds and salt bridges contacts with loops T1, T4, T6 (GDP) and T3 and T4 (BeF~3~^-^, [Table 2](#table2){ref-type="table"}). Importantly, loop T5 is in a 'flipped-out' conformation, leaving D179 exposed to the solvent and putting T180 closer to N101 in loop T3 ([Figure 1C--D](#fig1){ref-type="fig"}) as shown previously in GTP-bound tubulin ([@bib59]). Thus, our results suggest that BeF~3~^-^ is a γ-phosphate analogue that mimics tubulin's GTP-bound state in the curved conformation, and not a GDP•P~i~ or intermediate transition state of hydrolysis.

###### Data collection and refinement statistics.

  ------------------------------------------------------------------------------
                       Native T~2~R-TTL-AlF~3~\    Native T~2~R-TTL-BeF~3~^-^\
                       (PDB 6s9e)                  (PDB 6gze)
  -------------------- --------------------------- -----------------------------
  Space group          P2~1~2~1~2~1~               P2~1~2~1~2~1~

  Cell dimensions                                  

  a, b, c (Å)          104.999, 157.357, 180.261   104.176, 156.744, 180.587

  α, β, γ (°)          90.00, 90.00, 90.00         90.00, 90.00, 90.00

  Resolution (Å)       48.003--2.25                49.458--2.49

  R~merge~             0.075 (1.222)               0.071 (1.159)

  R~pim~               0.025 (0.417)               0.028 (0.473)

  I/σI                 16.5 (1.8)                  7.1 (0.6)

  Completeness (%)     99.0 (99.0)                 100 (100)

  Redundancy           9.6 (9.2)                   7.1 (7.0)

  CC~half~             0.979 (0.635)               0.999 (0.993)

  **Refinement**                                   

  Resolution (Å)       48.003--2.25                49.458--2.49

  No. of reflections   140102                      103915

  R~work~/R~free~      0.2029/0.2278               0.2121/0.2565

  No. of atoms         17701                       16799

  Protein              17279                       16572

  Ligand               223                         175

  Water                199                         52

  B-factors                                        

  Protein              64.0                        80.4

  Ligand               59.5                        73.0

  Water                45.7                        67.5

  Wilson B             48.90                       64.70

  r.m.s deviation                                  

  Bond lengths (Å)     0.002                       0.003

  Bond angles (°)      0.526                       0.557

  Ramachandran %                                   

  Favor/allow/out      97.88/2.12/0.00             97.52/2.48/0.00
  ------------------------------------------------------------------------------

^\*^Data were collected from a single crystal.

^\*\*^Values in parentheses are for the highest resolution shell.

###### PDBePISA analysis of nucleotide-hydrogen bonding at the E-site.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                    Curved conformation       Straight conformation                                                                                                                                                
  ----------------- ------------------------- ------------------------- -------------------- -------------------- ------- -------------------- -------------------- -------------------- ------------------------- --------------------
  Base and ribose   Q11 S140 N206 N228        S140 N228                 Q15 N206 N228        N206 N228            N206\   N206 Y224 N228       S140 N206 Y224       Q15 S140 N206 Y224   Q15 S140 N206 Y224 N228   S140, N206 N228
                                                                                                                  N228                                                                                             

  Pα                Q11 C12                   Q11 C12 S140              C12                  C12                  C12     Q11 C12              Q11 C12 S140         Q11 C12              C12                       C12

  Pβ                Q11 G144 T145 G146        Q11 T145 G146             Q11 G144 T145 G146   Q11 G144 T145 G146   Q11\    Q11 G144 T145 G146   Q11 G144 T145 G146   Q11 G144 T145 G146   Q11 G144 T145 G146        Q11 G144 T145 G146
                                                                                                                  G144\                                                                                            
                                                                                                                  T145\                                                                                            
                                                                                                                  G146                                                                                             

  Pγ/\              A99 G100 N101 G144 T145   A99 G100 N101 G144 T145   \-                   A99 G100 N101 T145   E71\    A99 G100 G144 T145   \-                   \-                   G144 T145                 T145
  BeF~3~^-^/\                                                                                                     N101\                                                                                            
  AlF~3~/\                                                                                                        Pα                                                                                               
  P~i~/                                                                                                                                                                                                            

  Mg^2+^            yes                       yes                       yes                  yes                  yes     yes                  no                   no                   no                        no
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The AlCl~3~/HKF~2~ mixtures we used produce roughly \~50% AlF~3~ and \~50% AlF~4~^-^ ([@bib33]), and the related moiety was modeled as AlF~3~ ([Table 1](#table1){ref-type="table"}, [Figure 1B](#fig1){ref-type="fig"}). Strikingly, this analogue did not occupy the position equivalent to the γ-phosphate as observed in other 'classic' GTPase structures of the GDP-AlF~3~ complex (e.g. PDB 2ngr, 1grn, 2b92, 2g77, 4jvs and 4iru). Instead, we found the AlF~3~ density beside the Mg^2+^ ion (at a distance of 2.77 Å, [Figure 1B](#fig1){ref-type="fig"}), which was simultaneously coordinating α- and β-phosphates (i.e., GDP coordination, [Figure 1E](#fig1){ref-type="fig"}, comparison with Mg^2+^ positioning of GMPCPP (orange) and GDP (gray) structures). AlF~3~ was further stabilized through interactions with loops T2 and T3 and α-phosphate. We hypothesize that this configuration likely represents a transitional stage of P~i~ release, where the Mg^2+^ ion removes the γ-phosphate while moving to a new coordination position between α- and β-phosphates. Loop T5 in chain B is blocked due to tubulin axial contacts ([Figure 1A](#fig1){ref-type="fig"}); however, at chain D, this loop refined in a dual conformation during the structure model-building: 57% in GTP-like 'flip-out' and 43% in GDP-like 'flip-in' conformations ([Figure 1F](#fig1){ref-type="fig"}, comparison with GTP- (black) and GDP-bound (gray) structures). Since, we did not find any extra density at this chain denoting the presence of the analogue, we presume that very likely the AlF~3~ or AlF~4~^-^ washed out and we captured loop T5 on its way back to the GDP-bound conformation.

Phosphate analogues induce tubulin activation upon assembly into MTs {#s2-2}
--------------------------------------------------------------------

We analyzed the effect of γ-phosphate analogues on tubulin activation through time-course turbidity experiments in which we measured the assembly of MTs from fully substituted calf-brain GDP-tubulin in the presence of increasing BeF~3~^-^ or AlF~x~ concentrations (37°C, no GTP added). Notice that our experiments were performed in MES buffer to avoid any competition effect of the commonly used phosphate buffer with the analogues ([@bib24]). In this buffer condition, tubulin assembly requires glycerol under GTP (control experiments) or γ-phosphate analogues conditions, although GMPCPP does not require glycerol to induce assembly. In the presence of BeF~3~^-^ GDP-tubulin activation occurred at analogue concentrations above 1 mM ([Figure 2A](#fig2){ref-type="fig"}), suggesting a binding constant on the scale of mM. The polymerization curves also revealed that longer lag times occur with BeF~3~^-^ compared to GTP, indicating that nucleation is less efficient in the presence of GDP-BeF~3~^-^. This finding is also supported by the observation of fewer and longer MTs than in GTP control experiments ([Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}). However, we found that the equilibrium constant of addition of a tubulin dimer to the MT end is conserved as is shown by the fact that critical concentration (Cr) values ([Figure 2B](#fig2){ref-type="fig"}, 3.2 ± 0.4 μM vs. 2.9 ± 0.4 μM in GTP) remained similar across various BeF~3~^-^ concentrations. Also, increasing Mg^2+^ concentration had a similar effect on the assembly under GDP-BeF~3~^-^ and GTP conditions, displaying similar slopes in the Wyman plot (0.37, [Figure 2C](#fig2){ref-type="fig"}). Thus, GDP-BeF~3~^-^ behaves like a GTP-bound state with slower MT kinetics. Likewise, AlF~x~ induced tubulin activation with a binding constant in the mM range ([Figure 2D](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}), which might reflect the fact that part of the molecules had their loop T5 in a GTP-bound conformation according to the crystal structure of AlF~3~ tubulin complexes. Previous studies showed similar equilibrium binding constants of addition to the MT, regardless of AlF~x~ concentration and the clear competition between both AlF~x~ and BeF~3~^-^ for the same site on MTs ([@bib12]). These findings suggest that, (i) both γ-phosphate analogues likely display equivalent biochemical properties and; (ii) AlF~x~ might occupy the γ-phosphate site on the straight tubulin conformation.

![Phosphate analogues sustain tubulin activation and MT stabilization.\
(**A**) Time course assembly of 30 μM GDP-tubulin (gray line) with either 1 mM GTP (black line) or 1 mM GDP and increasing BeF~3~^-^ concentrations (1 mM, 2 mM, 4 mM, 6 mM, 8 mM and 10 mM; from light to dark blue). (**B**) Critical concentration (Cr) measurements of GDP-tubulin with 1 mM GTP (black square) or 1 mM, 2 mM, 3 mM, 4 mM, 5 mM, 6 mM, 7 mM and 8 mM BeF~3~^-^ (blue circles). (**C**) Wyman plots showing the effect of increasing Mg^2+^ concentrations (4 mM, 5 mM, and 6 mM) on tubulin assembly (37°C) in the presence of 1 mM GTP (black squares) or 1 mM GDP plus 3 mM BeF~3~^-^ (blue circles). Positive slopes indicate that at increasing Mg^2+^ concentrations the ion incorporation into the filament is higher, and similar slope values (under BeF~3~^-^ and GTP) indicate a similar Mg^2+^ dependency of the polymerization. (**D**) Time course assembly of 30 μM GDP-tubulin with either 1 mM GTP (black line) or 1 mM GDP, 3 mM HKF~2~ and increasing concentrations of AlCl~3~ (0 μM, 50 μM, 100 μM, 250 μM, 500 μM and 1 mM; from light to dark red). (**E**) Time course assembly of 30 μM tubulin in the absence of free GTP (black line) and in the presence of increasing concentrations of BeF~3~^-^ (100 nM, 500 nM, 1 μM, 10 μM and 50 μM; from light to dark blue) showing the stabilization effect of the analogue. (**F**) Time course assembly of 30 μM tubulin in the absence of free GTP and 0 mM HKF~2~ (black line) or in the absence of free GTP with 3 mM HKF~2~ and increasing concentrations of AlCl~3~ (0 μM, 50 μM, 100 μM, 250 μM, 500 μM and 1 mM from light to dark red). Aluminum contamination in nucleotides and glass induce MT stabilization even when no AlCl~3~ was added (light red). Arrows in graphs (**A**), (**D**), (**E**), and (**F**) indicate when samples were incubated at 4°C.](elife-50155-fig2){#fig2}

Finally, we verified the effect of these γ-phosphate analogues on the stabilization of MTs assembled in the presence of 30 μM GTP. BeF~3~^-^ inhibits MT disassembly at concentrations between 100--500 nM ([Figure 2E](#fig2){ref-type="fig"}) and hence, we estimate that the affinity of this γ-phosphate analogue for straight tubulin in assembled MTs (nM range, [Figure 2E](#fig2){ref-type="fig"}) is about three orders of magnitude higher than that for the curved GDP-bound, soluble protein (mM range, [Figure 2A](#fig2){ref-type="fig"}). These values correlate with those previously observed for Ras-like small GTPases where the binding affinity of BeF~3~^-^ is in the mM range ([@bib23]), but increases to the μM range with the addition of the GTPase Activating Protein (GAP, [@bib58]). Interestingly, MTs were far more stable at BeF~3~^-^concentrations \> 10 μM (i.e. the depolymerizing effect of non-physiological low temperatures disappeared, [Figure 2E](#fig2){ref-type="fig"}) likely because BeF~3~^-^ is retained at the γ-phosphate pocket, providing a stable MT conformation in the absence of P~i~ release. When performing similar experiments to discern AlF~x~ affinity to straight polymerized tubulin, we found that it is at least two orders of magnitude higher than this for the curved state because MTs were fully stabilized at the lower AlCl~3~ concentration we used, 50 μM ([Figure 2F](#fig2){ref-type="fig"}) and tubulin activation upon assembly still required 0.5 mM AlCl~3~ ([Figure 2D](#fig2){ref-type="fig"}). Unfortunately, Al^3+^ contamination in the glass and nucleotides solutions ([@bib75]) prevented us from determining the strength of the interaction ([Figure 2F](#fig2){ref-type="fig"}).

Phosphate analogues reveal lattice features for the GTP/GDP•P~i~-bound states {#s2-3}
-----------------------------------------------------------------------------

We used X-ray fiber diffraction of aligned filaments in solution to determine the structural details of MTs in various nucleotide-bound states, which gave us the direct correlation between biochemical and structural data. We performed quick shear-flow alignment using methylcellulose ([@bib76]) at a constant, physiological temperature of 37°C, which allowed us to avoid temperature-related variations in axial repeat and filament diameter ([@bib40]). We chose this technique because of the swiftness of getting results related to both the boundaries of the MT wall from the equatorial diffraction, and the axial repeats from the meridional diffraction ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}; [@bib3]; [@bib4]). Importantly, in these experiments, the signal-to-noise (S/N) ratio for the equatorial signals is very high because data includes the average of tens of millions of individual MTs. Therefore, we have estimated for the first time, the fraction of MT subpopulations according to their number of PFs ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}, Materials and methods) using the J~04~ + J~N1~ signals.

We first studied MTs polymerized in the presence of either 1 mM GTP (GDP-MTs, due to GTPase activity) or 1 mM GTP + 100 μM taxol (GDP-Tx-MTs) to analyze two known lattice conformations; compacted and expanded ([@bib2]; [@bib41]). Under both experimental conditions, we found an axial tubulin repeat of 4 nm ([Figure 3A](#fig3){ref-type="fig"}, lines gray and brown and [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). However, the 1 nm layer line, which is an harmonic of the 4 nm layer line, showed variations on their peaks distribution ([Figure 3A](#fig3){ref-type="fig"}, *inset*) indicating differences on the average monomer axial spacing between GDP-MTs and GDP-Tx-MTs. The existence of a second weaker set of \~8 nm layer lines on GDP-Tx-MTs further confirmed variations on the axial spacing between α- and β-tubulin. These experiments did not distinguish between intra-dimer (α-β) and inter-dimer (β-α) distances, but the averaged estimations of monomer lengths are similar to cryo-EM measurements ([Figure 4E](#fig4){ref-type="fig"}) and published cryo-EM structures ([@bib2]; [@bib41]): 4.06 nm vs. 4.01 nm for GDP-MTs and 4.18 nm vs. 4.08 nm for GDP-Tx-MTs. Otherwise, the analysis of the equatorial diffraction showed similar diameters for GDP- and GDP-Tx-MTs ([Table 3](#table3){ref-type="table"}, [Figure 3B](#fig3){ref-type="fig"}), although we calculated a slightly different fraction of MT subpopulations according to the number of PFs ([Figure 3C](#fig3){ref-type="fig"}). The PF number has no effect on the longitudinal spacing ([@bib2]; [@bib83]), but does affect the MT helical twist ([@bib18]). Notice that in our fiber diffracting images the 4 nm layer line is slightly curved, which could be related to the super-twist existing in MTs with skewed PFs ([@bib17]). However, we relate this effect to a partial (2--3°) misalignment by shearing. Despite such differences, GDP- and GDP-Tx-MTs displayed very alike PFs lateral spacing ([Table 3](#table3){ref-type="table"}), supporting the equivalent lateral contacts found in the aforementioned cryo-EM structures.

![Fiber diffraction of MT models systems.\
GDP-BeF~3~^-^-MT (blue), GDP-AlF~x~-MT (red), GMPPCP-MT (salmon), GMPCP-MT (yellow), GMPCPP-MT (orange), GDP-Tx-MT (brown) and GDP-MT (gray). (**A**) *Top*; representative image (GMPCPP-MTs) of meridional diffraction displaying the meridional plane from l = 1 (4nm) layer line and related harmonics (l = 2 to 4) for longitudinal metric calculations. *Bottom*; meridional intensity patterns, where arrows indicate the 4 nm and 8 nm peaks. The inset shows the best fit of 1 nm band experimental intensities in a Lorentzian normal distribution, highlighting positional differences between all tested MT growing conditions (peaks maxima, arrows). (**B**) *Top*; representative image (GMPCPP-MTs) of equatorial diffraction highlighting the equatorial plane (l = 0) for lateral metric calculations. *Bottom*; equatorial intensity patterns showing the corresponding Bessel functions from *J~01~* to *J~04~+J~N1~*. The inset shows the *J~N1~*, calculated as described in M and M, displaying the differences in peak maxima (arrows) that occur under various nucleotide polymerization conditions. The red dash line on (**A**) and (**B**) top images shows planes used for intensity line plotting in q~x~ space and further metric calculations. (**C**) Estimation of the number of PFs per MT and percentage of each subpopulation within the solution from fiber diffraction experiments (*left*) and cryo-EM images (*right*).](elife-50155-fig3){#fig3}

![Cryo-EM of GDP-, BeF~3~^-^-and GMPCPP-MTs.\
(**A**) Straightened images of microtubules with 13 PFs (N) and 3-start monomer helices (S), denoted 13_3 (*N*\_*S*) MTs. For each condition: raw image (*left*) and filtered image using the *J~0~* and *J~N~* layer lines in the FFT of the MTs (*right*). Filtered images of 13_3 GDP-MTs display 2 dark inner fringes running parallel to the MT axis and slightly offset from it (arrow), which correspond to PFs from the top and bottom surfaces superposed in projection. In BeF~3~^-^- and GMPCPP-MTs, the 2 fringes make moiré patterns offset from the MT axis on one side and the other separated by blurred regions (noted '0' for no internal fringes). The periodicity (L) of these moiré patterns provides a direct measure of their PF skew angle *θ* ([Equation 8](#equ8){ref-type="disp-formula"}). (**B**) Comparison between the FFTs of the 13_3 GDP- *vs.* the 13_3 BeF~3~^-^-MT (*top*), and the 13_3 GMPCPP- *vs.* the 13_3 BeF~3~^-^-MT (*bottom*) in A. The monomer spacing along PFs (*a* in [Equation 9](#equ9){ref-type="disp-formula"}) is given by the position of the *J~3~* layer line in Fourier space, that is 40.95 Å, 40.65 Å, and 42.19 Å for the 13_3 GDP-, BeF~3~^-^- and GMPCPP-MTs in A, respectively. (**C**) Blow up of the equator and '4 nm layer lines' in 13_3 GDP- (*top*), BeF~3~^-^- (*middle*) and GMPCPP-MTs (*bottom*), corresponding to the boxed regions in B. In 13_3 GDP-MTs, *J~0~* and *J~N~* overlap on the equator, and *J~3~* and *J~10~* overlap on the '4 nm layer line' since the PFs are parallel to the MT axis. In 13_3 BeF~3~^-^- and GMPCPP-MTs, *J~13~* is away from the equator due to the PF skew. In BeF~3~^-^-MTs, *J~10~* is closer to the equator than *J~3~*, indicating that the PFs are left-handed (negative skew), while in GMPCPP-MTs, *J~10~* is farther apart from the equator than *J~3~*, indicating that the PFs are right-handed (positive skew), ([@bib16]). (**D**). 3D reconstructions of the 13_3 MTs in A using TubuleJ ([@bib7]). The 3D reconstructions were elongated to the same size as the original images and presented front face at a slight angle with respect to the MT longitudinal axis to emphasize the PF handedness in 13_3 GDP-MT (*θ* = 0°), BeF~3~^-^-MT (*θ* = - 0.20°), and GMPCPP-MT (*θ* = + 0.30°). (**E**) *Left*: average PF skew angles of 13_3 GDP-MTs (*θ* = + 0.10 ± 20°, n = 15), BeF~3~^-^-MTs (*θ* = - 0.27 ± 0.07°, n = 9), and GMPCPP-MTs (*θ* = + 0.33 ± 0.11°, n = 12). The average PF skew angle of 13_3 GDP_MTs must be lower since a majority of MTs did not show long enough moiré patterns that could be measured at the high magnification used. Therefore, their average PF skew angle is likely closer to 0°. *Middle*: average monomer spacing along PFs in GDP-MTs (*a* = 40.93 ± 0.24 Å, n = 66), BeF~3~^-^-MTs (*a* = 40.82 ± 0.20 Å, n = 103), and GMPCPP-MTs (*a* = 42.10 ± 0.13 Å, n = 25). All *N*\_*S* microtubule types were included in the analysis. *Right*: inter-PF monomer tubulin rise in GDP-MTs (*r* = 9.37 ± 0. 13 Å, n = 64), BeF~3~^-^-MTs (*r* = 9.70 ± 0. 12 Å, n = 83), and GMPCPP-MTs (*r* = 9.45 ± 0. 07 Å, n = 24) determined using [Equation 9](#equ9){ref-type="disp-formula"}. MTs with modified lateral interactions (essentially observed in 13_4 and 14_4 MTs in BeF~3~^-^ conditions) were not included in this analysis ([@bib17]).](elife-50155-fig4){#fig4}

###### Fiber diffraction analysis of MTs in various nucleotide-bound states.

                                     GDP            GDP-Tx         GDP-BeF~3~^-^   GTP-BeF~3~^-^   GDP- AlF~x~    GTP-AlF~x~     GMPCPP         GMPPCP         GMPCP
  ---------------------------------- -------------- -------------- --------------- --------------- -------------- -------------- -------------- -------------- --------------
  radius (nm)                        11.42 ± 0.10   10.87 ± 0.10   11.21 ± 0.25    11.16 ± 0.10    11.25 ± 0.84   11.18 ± 0.12   11.63 ± 0.10   11.62 ± 0.59   11.75 ± 0.53
  avg. PF number                     12.91 ± 0.10   12.37 ± 0.10   12.29 ± 0.20    12.23 ± 0.10    13.43 ± 1.12   13.35 ± 0.13   13.29 ± 0.08   13.03 ± 0.91   13.55 ± 0.45
  inter-PF distances (nm)            5.50 ± 0.03    5.45 ± 0.01    5.67 ± 0.09     5.67 ± 0.02     5.21 ± 0.46    5.22 ± 0.05    5.45 ± 0.03    5.55 ± 0.38    5.40 ± 0.02
  avg. monomer length (nm)           4.06 ± 0.01    4.18 ± 0.01    4.07 ± 0.01     4.07 ± 0.01     4.05 ± 0.05    4.05 ± 0.01    4.18 ± 0.01    4.06 ± 0.01    4.17 ± 0.01
  1 nm band peak position (nm^−1^)   6.19 ± 0.01    6.02 ± 0.01    6.17 ± 0.01     6.17 ± 0.01     6.20 ± 0.05    6.20 ± 0.01    6.02 ± 0.01    6.20 ± 0.01    6.03 ± 0.01

**^\*^**Values are Avg ± StdErr.

Second, we measured the main features of MTs polymerized in the presence of BeF~3~^-^ or AlF~x~. We analyzed both, MTs polymerized using γ-phosphate analogues ([Figure 2A and D](#fig2){ref-type="fig"}) as well as MTs assembled from GTP and stabilized by these same salts ([Figure 2E and F](#fig2){ref-type="fig"}), and found no substantial differences ([Table 3](#table3){ref-type="table"}). Our experiments support that GDP-BeF~3~^-^ mimics the GTP-bound state. In addition, MTs stoichiometrically incorporate Be^7^ ([@bib12]) so, all the subunits within BeF~3~^-^-MTs must be in the GDP-BeF~3~^-^ state. Strikingly, these MTs did not show the 8 nm layer line ([Figure 3A](#fig3){ref-type="fig"}, line blue), denoting similar intra-dimer and inter-dimer interfaces ([Table 3](#table3){ref-type="table"}), a clear opposition to the expanded-lattice model of the GTP-bound state displayed by the widely accepted GTP-like analogue, GMPCPP. The fitting of the 1 nm layer line revealed very subtle differences at peak maximum when compared to GDP-MTs, which could suggest minor differences on the axial spacing. The equatorial signals revealed that BeF~3~^-^-MTs had a slightly smaller diameter and contained fewer average number of PFs than GDP-MTs ([Table 3](#table3){ref-type="table"}), mainly due to the lack of 14- and 15-PF MTs within the estimated population ([Figure 3C](#fig3){ref-type="fig"}).

AlF~x~-MTs showed both, close intra-dimer and inter-dimer distances and roughly similar diameters to BeF~3~^-^-MTs ([Table 3](#table3){ref-type="table"}), suggesting that there is not much of a difference between the GTP- and transition states, either in overall MT dimensions or at the axial interactions. However, AlF~x~-MTs displayed an additional PF on average ([Table 3](#table3){ref-type="table"}) due to the presence of 14- and 15-PFs MTs.

Tubulin twist in MTs is a consequence of subtle changes in lattice parameters {#s2-4}
-----------------------------------------------------------------------------

Cryo-EM was used to get additional details on GDP-, BeF~3~^-^- and GMPCPP-MTs. Since glycerol at high concentrations is incompatible with cryo-EM and that MT nucleation is difficult in BRB80 buffer in the absence of glycerol, we adopted a seeded assembly strategy. To avoid confusion between GMPCPP- and BeF~3~^-^ lattices, we eluded the use of heterogeneous seeds such as those classically prepared in the presence of GMPCPP. Instead, we first prepared BeF~3~^-^-MT seeds in the presence of 25% glycerol, which were further diluted 1/10 in tubulin without glycerol. MT assembly was found to be efficient under these conditions ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}), providing suitable conditions for cryo-EM observations. Importantly, depolymerization at 4°C showed a slower rate with respect to GDP-MTs, comparable to that observed with GMPCPP-MTs, further confirming that BeF~3~^-^ stabilizes MTs (even in a non MES-glycerol buffer, [Figure 2E](#fig2){ref-type="fig"}).

Consistent with the X-ray diffraction analysis, we found that BeF~3~^-^-MTs revealed a majority of 12-PFs MTs (73.1%, [Figure 3C](#fig3){ref-type="fig"}), GDP-MTs contained essentially a mixed population of 13- and 14-PFs MTs (49.4% and 45.3%, respectively) and GMPCPP-MTs showed mainly 14-PFs MTs (79.2%), which is consistent with precious observations ([@bib37]). Strikingly, in the presence of BeF~3~^-^, 14-PFs MTs were arranged according to 4-start monomer lattices (14_4), and 13-PFs MTs displayed a mixed population of 13_3 and 13_4 MTs (to be reported elsewhere). While 13_3 GDP-MTs had their PFs essentially parallel to the MT axis ([Figure 4A](#fig4){ref-type="fig"}, left), both BeF~3~^-^- ([Figure 4A](#fig4){ref-type="fig"}, middle) and GMPCPP-MTs ([Figure 4A](#fig4){ref-type="fig"}, right) displayed systematically moiré patterns, implying that their PFs are skewed relative to the MT axis. Determination of the axial spacing of tubulin monomers from the position of the nominal '4 nm layer line' on the Fourier transform (FFT) of straightened MT images ([Figure 4B](#fig4){ref-type="fig"}) confirmed that GDP- and BeF~3~^-^-MTs displayed compacted lattices (40.95 Å and 40.65 Å for the MTs in [Figure 4A](#fig4){ref-type="fig"}, respectively), while GMPCPP-MTs displayed an extended lattice (42.13 Å for the 13_3 GMPCCP-MT in [Figure 4A](#fig4){ref-type="fig"}). Further analysis of the '4 nm layer line' of these MTs ([Figure 4C--D](#fig4){ref-type="fig"}) and tilting experiments (not shown) revealed that BeF~3~^-^-MTs have left-handed PFs (J~10~ is closer to the equator than J~3~), while GMPCPP-MTs have right handed PFs (J~10~ is farther apart from the equator than J~3~ \[[@bib16]\]). The average PF skew angles of 13_3 GDP-, BeF~3~^-^-, and GMPCPP-MTs was found to be +0.10 ± 0.20°, −0.27°±0.17°, and +0.33 ± 0.07°, respectively ([Figure 4E](#fig4){ref-type="fig"}). These data can be interpreted in light of the lattice accommodation model ([@bib17]; [@bib18]) that describes how the MT lattice accommodates changes in PF and/or helical start numbers, as well as modifications of MT lattice parameters. The theoretical PF skew angle (*θ~the~*) of any MT type can be calculated according to [Equation 9](#equ9){ref-type="disp-formula"} ([Table 4](#table4){ref-type="table"}). While 13_3 GDP-MTs are predicted to have a PF skew close to 0°, an increase of the tubulin monomer spacing *a* from 40.9 Å to 42.1 Å induces a positive skew of +0.37° similar to that found in GMPCPP-MTs. Likewise, a slight modification of the inter-PF subunit rise *r* ([Equation 10](#equ10){ref-type="disp-formula"}) from 9.37 Å (GDP-MTs) to 9.70 Å (BeF~3~^-^-MTs) is sufficient to account for the negative PF skew (−0.31°) observed in 13_3 BeF~3~^-^-MTs. These features were observed in almost all MTs analyzed in this study (see the 12_3 and 14_3 MTs in [Figure 4---figure supplement 1B--E](#fig4s1){ref-type="fig"}), although we note that MTs with large changes in inter-PF rise were also observed in the presence of BeF~3~^-^ (essentially 13_4 and 14_4 MTs [@bib17]). This analysis tells us that the positive PF skew observed in GMPCPP-MTs with respect to GDP-MTs is a simple consequence of the increase in tubulin spacing, most likely due to the presence of the methylene group between the α and β phosphates of GMPCPP (see below), and not a conformational change induced by GMPCPP on tubulin.

###### Comparison between experimental and theoretical PF skew angles.

  ----------------------------------------------------------------------------------------------------------
             GDP             BeF~3~^-^       GMPCPP                                          
  ---------- --------------- --------------- --------------- --------------- --------------- ---------------
  *θ~exp~*   +0.10 ± 0.21\   −0.62 ± 0.05\   +0.60 ± 0.05\   −0.27 ± 0.07\   +0.33 ± 0.11\   −0.51 ± 0.04\
             (n = 15)        (n = 27)        (n = 52)        (n = 9)         (n = 12)        (n = 12)

  *θ~the~*   +0.05           −0.74           +0.61           −0.31           +0.37           −0.44
  ----------------------------------------------------------------------------------------------------------

Theoretical PF skew angles (*θ~the~*) were calculated according to [Equation 9](#equ9){ref-type="disp-formula"}, using *a* = 40.9 Å, *r* = 9.4 Å, and *δx* = 48.95 Å for GDP-MTs. For GMPCPP MTs, the monomer spacing *a* was increased to 42.1 Å, and for BeF~3~^-^ the inter-PF subunit rise was increased to 9.7 Å.

MT lattice expansion is not related to its GTP-bound state {#s2-5}
----------------------------------------------------------

GMPCPP has traditionally been considered a good approximation of the GTP-bound state ([@bib2]; [@bib36]; [@bib40]; [@bib83]), which led to a model in which GTP-tubulin is in an expanded state at the tip of the MTs, and undergoes a compaction followed by rotation between the α and β subunits upon GTP hydrolysis and P~i~ release, respectively ([@bib83]). Our results suggest that the GTP-state (GDP-BeF~3~^-^) is compacted ([Figure 1 and 3](#fig1){ref-type="fig"}), and that the twist of tubulin in GMPCPP-MTs is a simple consequence of the accommodation of the lattice to the increase in size of GMPCPP-tubulin ([Figure 4](#fig4){ref-type="fig"}, [Table 4](#table4){ref-type="table"}). We then asked what was the origin of the increase in size in GMPCPP-tubulin. To address this question, we analyzed the structure of MTs assembled in the presence of GMPPCP that is similar to GMPCPP, but with the methylene group sitting between β and γ phosphates instead of α and β phosphates and GMPCP , which is the hydrolyzed version of GMPCPP. X-ray fiber diffraction analysis of GMPCPP-MTs and GMPPCP-MTs ([Table 3](#table3){ref-type="table"}) highlighted that both GTP analogues generated a similar overall cylinder structure showing equivalent PF number composition in which there were no 11-PF MTs and in which 13- and 14-PF MTs prevailed over 12-PF MTs ([Figure 3C](#fig3){ref-type="fig"}). GMPCPP-MTs displayed a second set of \~8 nm layer lines ([Figure 3A](#fig3){ref-type="fig"}, [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}), indicating differences between α- and β-tubulin axial spacing, with a monomer repeat that nicely correlates with corresponding measurements from cryo-EM and recently published nude-MT cryo-EM structures ([@bib84]): 4.18 nm vs. 4.22 nm. By contrast, GMPPCP-MTs diffracting images did not show the \~8 nm layer lines ([Figure 3A](#fig3){ref-type="fig"}, [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}) and hence, a non-expanded lattice and a MT structure equivalent to the BeF~3~^-^- and GDP-MTs ([Table 3](#table3){ref-type="table"}). Strikingly, the diffraction pattern of GMPCP-MTs was similar to that of GMPCPP-MTs, showing the 8 nm layer line and an expanded state ([Figure 3](#fig3){ref-type="fig"}, [Table 3](#table3){ref-type="table"}). Taken all together, these data tell us that: (i) lattice expansion is not related to the presence of γ-phosphate (i.e. a GTP-bound state) and (ii) the methylene in between the α and β phosphates in GMPCPP- and GMPCP-MTs is likely responsible for increasing the size of the tubulin molecule.

We further found that MTs polymerized in the presence of 0.1 mM GTP + 100 μM taxol showed a nucleotide content of GTP(α):GDP(β), 1.08 ± 0.02: 1.04 ± 0.01, similar to other taxane site agents ([@bib2]; [@bib30]). Since GTP hydrolysis requires a close intra-dimer distance to fulfill the catalytic pocket ([@bib60]; [@bib62]), this result suggests that taxol-induced expansion may happen after GTP hydrolysis. Interestingly, we found that BeF~3~^-^- and AlF~x~-MTs assembled in the presence of 100 μM taxol displayed compact lattices ([Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}, [Table 5](#table5){ref-type="table"}), bringing up that this drug cannot induce lattice expansion when the interplay between loop T7 and any of these γ-phosphate analogues is retained at the inter-dimer interface.

###### Taxol bound BeF~3~^-^- and AlF~x~-MTs.

                                     GDP-BeF~3~^-^   GTP-BeF~3~^-^   GDP- AlF~x~   GTP-AlF~x~
  ---------------------------------- --------------- --------------- ------------- -------------
  Average monomer length (nm)        4.03 ± 0.01     4.03 ± 0.01     4.04 ± 0.05   4.04 ± 0.01
  1 nm band peak position (nm^−1^)   6.24 ± 0.01     6.24 ± 0.01     6.22 ± 0.05   6.22 ± 0.01

Discussion {#s3}
==========

The functions of MTs during cell proliferation and development require continuous rescue and catastrophe events that give rise to motion through dynamic instability. Microtubule-Associated Proteins (MAPs) finely regulate MT function by stabilizing, guiding and destabilizing MT formation, as well as mediating both MT-MT and MT-protein interactions. Plus-end-tracking proteins (+TIPS) are a type of MAP that stabilize or balance MTs; their functions rely on unique structural determinants at the lattice of the MT tip ([@bib50]; [@bib51]; [@bib82]). Thus, understanding these specific structural features is crucial to gain insight into both the mechanisms of MT stabilization and the process of catastrophe.

Incorporation of tubulin dimers into the MT tip forms a cap of not yet hydrolyzed GTP subunits that re-arrange from a naturally bent state to a straight conformation for GTP hydrolysis. The region where this transitions occurs is called the GTP-cap, an uneven structure that can extend along hundreds of nanometers ([@bib27]) and ends in an open sheet or flared PFs at the tip ([@bib15]; [@bib53]). Recent data point to the formation of one lateral contact as the key interaction favoring length-wise PF growth ([@bib55]), which occurs 10--50 nm from the growing tip of the PF (\~1--7 tubulin heterodimers ([@bib29]; [@bib53]). Tubulin straightening is not a single step change but a gradual process ([Figure 5A](#fig5){ref-type="fig"}), proportional to the increasing formation of lateral interactions in PFs ([@bib8]; [@bib34]; [@bib38]). In this process, GTPase activity occurs upon tubulin fully-straighten because this unique conformation allows the interplay of the α-tubulin catalytic loop (T7) and the γ-phosphate at the E-site in β-tubulin ([@bib60]; [@bib62]), meaning the curled tip might be on the GTP-bound state. However, the transitional nature of GTP-cap architecture is difficult to overcome experimentally. Common approaches include the use of homogeneous model states of the MTs. In this work, we used a broad range of nucleotide-bound model MTs to understand their structure throughout the GTPase cycle ([Figure 5A](#fig5){ref-type="fig"}): active upon assembly GTP-bound (GDP-BeF~3~^-^ and GMPPCP), transitional GDP•P~i~ (GDP-AlF~x~), metastable GDP (GTP-assembled MTs), and expanded (GMPCPP, GMPCP and GDP-Tx, see below). Our results merge into a cap model ([Figure 5B](#fig5){ref-type="fig"}) in which each modeled MT mimics the structural transformations of the filament during elongation, according to the natural biochemical changes caused by GTPase activity.

![Cap model derived from MT model systems.\
GTP-bound state (BeF~3~^-^, blue), transition state (AlF~x~, red), expanded state (GMPCPP, GMPCP, GDP-Tx, orange), and GDP-bound state (gray). (**A**) Schematic GTPase related conformational changes within the MT lattice. Tubulin activation upon GTP binding (T~A~) induces polymerization. During assembly (MT~A~), the formation of lateral contacts favors tubulin straightening, which allows GTP hydrolysis. GTPase activity drives MT through a transitional state (MT~T~), where the P~i~ is at the nucleotide-binding site before it is released. Expansion (orange) may be an intermediate transient step between GDP•P~i~ and GDP states, which may facilitates P~i~ release (MT~E~) and would be blocked in the presence of taxol. GDP-MT (MT~M~) shrinks through a 'peeling-off' disassembly in which tubulin reverts to the curved conformation, which is inactive (T~I~) in the GDP-bound state. (**B**) MT model illustrating specific lattice features of the GTPase cycle. This mosaic structure shows that: (i) the GTP-bound tip (blue) contains curved PFs/sheets that come together into a straight lattice due to the formation of lateral contacts, (ii) the post-hydrolysis GDP•P~i~ lattice (red) retains overall MT structure, (iii) hypothetically, lattice undergoes an energy-consuming expansion phase (orange) that contributes to P~i~ release, and (iv) in the GDP state (gray) subtle changes on the PF skew distinguish the metastable compact lattice or, (v) lattice reverts into its previous lower energy state (compaction), preventing the structure from returning to the cap architecture.](elife-50155-fig5){#fig5}

The existing cap model is based on the commonly accepted GMPCPP analogue as a *bona fide* model of the GTP-bound state and proposes an initial right-handed, expanded lattice ([@bib2]) that rapidly shrinks and changes twist direction upon hydrolysis during the transition state (exemplified by nude GTP-γ-S-MTs ([@bib84]) or doublecortin-bound GDP•P~i~-MTs [@bib48]). GMPCPP induces a far stronger assembly than that from GTP ([@bib36]), and MTs are stable because this GTP analogue is not easily hydrolysable, despite of a normal oxygen link between β and γ-phosphates. Whether the enhanced activity is due to the lower GTPase rate or the presence of a methylene link between α and β-phosphates is not clear, though it might be related to the expansion because taxol is also a strong tubulin assembly inducer and produces lattice expansion.

Our approach included γ-phosphate analogues that mimic the chemical structure of phosphates on the activation and transitional states, which we structurally and biochemically analyzed on our tubulin system. These data support that, instead of the commonly accepted model, MTs in the GTP-bound state display a compact configuration ([Figure 5B](#fig5){ref-type="fig"}, blue). Control experiments with the GTP analogue GMPPCP and with the GDP-analogue GMPCP, confirmed that expansion is due to the presence of the methylene link between α and β-phosphates rather than because of the presence of the γ-phosphate. In our proposed model, the lattice during the transition state of hydrolysis ([Figure 5B](#fig5){ref-type="fig"}, red) remains unchanged, despite a possible modification at the inter-PF angle. The GDP•P~i~ state likely sits between the tapered end and the fully closed, cylindrical end. Its average length is difficult to determine but is considered long according to cap-length estimations made using EB proteins ([@bib27]; [@bib73]). Meanwhile, the only difference observed between BeF~3~^-^- and GDP-MTs ([Figure 5B](#fig5){ref-type="fig"}, gray) is a slight modification of the PF skew ([Figure 4D--E](#fig4){ref-type="fig"}). Therefore, no substantial lattice changes occur between the cap and the MT core apart from subtle modifications of the PF skew or the displacement of Mg^2+^ ion coordination across β-γ and α-β phosphates.

It should be mention that the expanded conformation is not limited to mammalian GMPCPP-, GMPCP- and GDP-Tx-MTs. It also has also been captured in GDP-MTs from yeast and worm ([@bib14]; [@bib35]; [@bib78]), suggesting that this lattice state might not be an artifact. Hence, when or where does this conformational change occur? We propose a plausible explanation considering data arising from the interaction of EB proteins with MTs and recent results on taxanes-binding to the MT cap. EB proteins interact with both, curved and straight regions at MT ends ([@bib34]), likely recognizing the MT compact lattice, because they bind preferentially to MTs in the presence of GDP-BeF~3~^-^ and GTP-γ-S over GMPCPP ([@bib50]; [@bib83]). Besides, EB proteins form an extended 'comet' that decays exponentially with increasing distance from the tip ([@bib73]), which highlights their gradual release from the MT wall, with no clue about the structural-chemical determinant inducing such pattern of release. Additionally, it has been shown that fluorescent taxanes bind to the MT region behind the EB 'comet' ([@bib69]). From the thermodynamical point of view, if a drug induces a specific conformation, it will bind with higher affinity to this kind of structure, because none of the free energy of binding will be required to induce such conformational change. This implies that taxanes should bind preferentially to expanded lattices because they do induce lattice expansion ([@bib2]). Similarly, EBs might induce lattice compaction (their favored lattice state) in GMPCPP-MTs, causing nucleotide hydrolysis ([@bib84]). Hence, it could be possible that the MT region behind EB-binding site would be expanded, favoring taxanes binding and EBs release. We show that MT lattice is compact among the tubulin GTPase cycle. Therefore, lattice expansion, if existing, might be between two of the main nucleotides bound states (GTP, GDP•P~i~ and GDP). Since the presence of γ-phosphate analogues (BeF~3~^-^ or AlF~x~) reverts taxol-induced expansion ([Figure 5A--B](#fig5){ref-type="fig"}, orange), we speculate that expansion might be an intermediate state between the MT's cap (GDP•P~i~) and core (GDP) regions, able to facilitate P~i~ release ([Figure 5B](#fig5){ref-type="fig"}). Note that, on the stabilization experiments, the γ-phosphate analogues immediately replace the released P~i~ and so, no expansion of the compact GDP lattice is needed to justify the biochemical stabilization observed.

Considering the narrow region labeled by these taxanes ([@bib69]), it could be argued that lattice expansion might involve only few tubulin molecules likely randomly distributed, which has precluded the detection of expansion on cryo-EM images of the MTs tips. If existing, lattice expansion would be likely the point of no return for the GTP-cap as a stabilizing structure. Thereby, once the MT compacts and returns to the GDP-bound state ([Figure 5B](#fig5){ref-type="fig"}, gray), the remaining energy stored in the lattice would be enough to exert the peeling-off disassembly of PFs, but below the threshold for the MT to revert to the expanded state. Notice that the 'peeling-off´ disassembly is highly efficient and uses only 25% of the energy from the GTPase activity ([@bib25]) [@bib8]).

The GTP-cap is a unique structure that governs MT dynamics; our model depicts a mosaic architecture that undergoes various maturation steps according to tubulin GTPase activity. While GTP binding activates assembly, GTP hydrolysis produces energy, part of which could be used for P~i~ release, and limits the length of the cap. The presence of an expanded lattice in GDP-MTs of yeast and worm might be a consequence on the delay or inability to return to the compact state, which could be related to the differences observed on lateral contacts between PFs ([@bib14]). At the moment, we do not know how is the GTP-MT lattice on these organisms and additional studies are necessary to confirm a compact-to-expanded conformational change upon P~i~ release, although we cannot rule out that MT lattice could be more expanded in other organisms different than mammals. Beyond this study, high-resolution structural studies will be crucial to analyze the exact nature of protein-protein interactions at the tip of the cap and to fully understand the feedback between structural modifications driven by partner proteins that otherwise are regulating MT dynamics.

Accession codes {#s3-1}
---------------

Data deposition: Atomic coordinates and structure factors for the reported crystal structures have been deposited at the Protein Data Bank under the accession code 6gze (BeF~3~^-^) and 6s9e (AlF~3~).

Materials and methods {#s4}
=====================

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reagent type\                   Designation               Source or\                                                                              Identifiers                                                    Additional\
  (species) or\                                             reference                                                                                                                                              information
  resource                                                                                                                                                                                                         
  ------------------------------- ------------------------- --------------------------------------------------------------------------------------- -------------------------------------------------------------- -----------------------------
  Biological Sample               Tubulin alpha             Uniprot                                                                                 P81947                                                         purified from calf-brain

  Biological Sample               Tubulin beta              Uniprot                                                                                 Q6B856                                                         purified from calf-brain

  Gene (*Rattus norvergicus*)     Stathmin-4                Uniprot                                                                                 P63043                                                         Overexpression in *E. coli*

  Gene (*Gallus gallus*)          Tubulin-Tyrosine Ligase   Uniprot                                                                                 E1BQ43                                                         Overexpression in *E. coli*

  Chemical compound, nucleotide   GMPCPP                    Jena Bioscience                                                                         Jena Bioscience:GpCpp- NU405                                   

  Chemical compound, nucleotide   GMPPCP                    Jena Bioscience                                                                         Jena Bioscience:GppCp\                                         
                                                                                                                                                    NU-402                                                         

  Chemical compound, nucleotide   GMPCP                     Jena Bioscience                                                                         Jena Bioscience:GpCp\                                          
                                                                                                                                                    NU-414                                                         

  Chemical compound, drug         Taxol                     Sigma Aldrich                                                                           Sigma Aldrich:T7191                                            

  Software, algorithm             XDS                       <http://xds.mpimf-heidelberg.mpg.de/>                                                   RRID:[SCR_015652](https://scicrunch.org/resolver/SCR_015652)   

  Software, algorithm             AIMLESS                   <https://www.ccp4.ac.uk/>                                                               RRID:[SCR_015747](https://scicrunch.org/resolver/SCR_015747)   

  Software, algorithm             PHASER                    <https://www.phenix-online.org/documentation/reference/phaser.html>                     RRID:[SCR_014219](https://scicrunch.org/resolver/SCR_014219)   

  Software, algorithm             PHENIX                    <https://www.phenix-online.org/>                                                        RRID:[SCR_016736](https://scicrunch.org/resolver/SCR_016736)   

  Software, algorithm             COOT                      <https://www.ccp4.ac.uk/>                                                               RRID:[SCR_014222](https://scicrunch.org/resolver/SCR_014222)   

  Software, algorithm             PDBePISA                  <https://www.ebi.ac.uk/pdbe/pisa/>                                                      RRID:[SCR_015749](https://scicrunch.org/resolver/SCR_015749)   

  software, algorithm             ImageJ                    <https://imagej.nih.gov/ij/>                                                            RRID:[SCR_003070](https://scicrunch.org/resolver/SCR_003070)   

  Software, algorithm             XRTools                   BM26-DUBBLE, ESRF                                                                                                                                      

  Software, algorithm             TubuleJ                   [https://team.](https://team.inria.fr/serpico/software/tubulej/)\                                                                                      
                                                            [inria.fr/serpico/software/tubulej/](https://team.inria.fr/serpico/software/tubulej/)                                                                  
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

GDP-, GMPCP and GMPPCP-tubulin preparation {#s4-1}
------------------------------------------

Purified calf brain tubulin, and chemicals were as described ([@bib24]). Placlitaxel was from Sigma-Aldrich. GMPCP, GMPCPP and GMPPCP were from Jena Biosciences (Jena, Germany). Nucleotides were analyzed by HPLC as described ([@bib74]). GMPCP was found to be free of GMPCPP and GTP, and GMPPCP was free of GTP. Fully substituted GDP-tubulin was prepared by a two-step interchange procedure; trehalose, Mg^+2^ and free GTP were removed by size exclusion chromatography in a drained centrifuge column of Sephadex G-25 medium (6 × 1 cm), equilibrated in MEDTA buffer (100 mM MES, 1 mM EDTA, pH 6.7) with 1 mM GDP, at 4°C. GDP up to 10 mM was added to the protein, which was incubated for 30 min on ice. Tubulin was freed of nucleotide excess and equilibrated in MEDTA buffer with 1 mM GDP by a second chromatography in a cold Sephadex G-25 column (15 × 0.9 cm). The nucleotide content of the protein was quantified by protein precipitation and HPLC as described ([@bib24]) and was found to be 0.98 ± 0.07 mol GTP/mol tubulin, and 0.99 ± 0.06 mol GDP/mol tubulin. Alternatively fully substituted GDP-tubulin was obtained from GTP-tubulin by hydrolysis. GDP tubulin was equilibrated in a 20 × 1 cm Sephadex G-25 column equilibrated in MEDTA buffer with 3.4 M Glycerol. The nucleotide content of the protein was measured as above and was found to be 0.24 ± 0.02 mol GDP/mol tubulin and 1.75 ± 0.06 mol GTP/mol tubulin. The protein was diluted to 30 μM and supplemented with 6 mM Mg^+2^ (final pH 6.5) to induce polymerization into MTs by incubating at 37°C. The assembly was monitored turbidimetrically at 350 nm. Protein assembled into MTs (as checked by electron microscopy) and rapidly disassembled after hydrolysis of the bound nucleotide. Samples were taken at the peak of assembly (Sample A) and after complete disassembly (Sample B). The nucleotide content of the protein was measured as above and was found to be 1.01 ± 0.02 mol GDP/mol tubulin and 0.99 ± 0.03 mol GTP/mol tubulin (Sample A) and 0.96 ± 0.04 mol GDP/mol tubulin and 1.00 ± 0.03 mol GTP/mol tubulin (Sample B). Prior to assembly, tubulin samples were centrifuged at 100,000 *g,* 4°C, for 10 min using TL100.2 or TL100.4 rotors in a Beckman Optima TLX centrifuge to remove aggregates. GMPCP and GMPPCP tubulin preparation were performed by a two-step protocol based on [@bib54]. First, 20 mg of lyophilized calf brain tubulin were resuspended in PM buffer (80 mM K-PIPES, 1 mM EGTA, 1 mM dithiothtreitol, 0.2 mM Tris, pH 6.8) containing 2 mM GTP and 1.5 mM MgCl~2~, in order to get the GDP bound to the protein substituted by GTP due to its higher affinity in the presence of Mg^+2^ ions ([@bib21]). Then, the free Mg^+2^ and GTP were removed by chromatography in a drained column of Sephadex G-25 (GE Healthcare) (6 × 1 cm), equilibrated in PM buffer containing 50 nM of the desired analogue, two times washing steps by filtration using Amicon MWCO 50 (Merck-Millipore), and concentrated to 700--800 μl. The protein was then passed through 0.45 μm cellulose acetate microfuge column filters (Costar) to remove aggregates. Then 5 mM of the desired nucleotide analogue was added to displace the GTP bound (due to its lower affinity in the absence of Mg^+2^) and the protein was incubated for 30 min at 25°C. The protein was washed and concentrated as before to 600--700 μl and filtered again on a 0.45 μm cellulose acetate microfuge column filter to a final concentration 100--150 μM. After filtration, the protein was HPLC analyzed as described ([@bib74]) and was found to be 90% loaded with the desired nucleotide at the E-site. In order to induce MT assembly, tubulin was supplemented with 2 mM GMPCPP, GMPCP or GMPPCP and 3 mM MgCl~2~ prior to polymerization.

Crystallization and crystal structure determination {#s4-2}
---------------------------------------------------

The stathmin-like domain of RB3 and the chicken TTL protein preparations were done as described previously ([@bib66]; [@bib70]). For the T~2~R-TTL complex, tubulin (8 mg/mL), TTL (17 mg/mL) and RB3 (26 mg/mL) were mixed and concentrated (Amicon MWCO 10) at 4°C to a final complex concentration of 20 mg/ml. The concentrated mixture was supplemented with 10 mM DTT, 0.1 mM GDP, 1 mM AMPCPP and 5 mM BeF~3~^-^ (in T~2~RT- BeF~3~^-^ complex), or 1.5 mM AlCl~3~ and 2 mM HKF~2~, or 500 μM AlCl~3~, 2 mM HKF~2~ (in T~2~RT- AlF~x~ complex), before setting crystallization experiments. Initial crystallization conditions were determined from previous structures ([@bib67]; [@bib65]; [@bib68]) using the sitting-drop vapor diffusion technique with a reservoir volume of 200 μl and a drop volume of 1 μl of complex and 1 μl of reservoir solution at 20°C. Crystal-producing conditions were further optimized using the hanging drop vapor diffusion method with a reservoir volume of 500 μl and a drop volume of 1 μl of complex and 1 μl of reservoir solution. Native T~2~R-TTL-BeF~3~^-^ complex was crystallized in 0.1 M MES/0.1 M Imidazole pH 6.5, 0.03 M CaCl~2~/0.03 M MgCl~2~, 5 mM L-tyrosine, 8.8% glycerol, 5.5% PEG4000. T~2~R-TTL-AlF~x~ complex was crystallized in 0.1 M MES/0.1 M Imidazole pH 6.5, 0.03 M CaCl~2~/0.03 M MgCl~2~, 5 mM L-tyrosine, 5% glycerol, 5.5% PEG4000 500 μM AlCl~3~, 2 mM HKF~2~ (alternatively 1.5 mM AlCl~3~ and 2 mM HKF~2~ were used). Plates were kept at 20°C and crystals appeared within the next 24 hr. Prior flash-cooling in liquid nitrogen, crystals were cryo-protected using 10% PEG4000, increasing glycerol concentrations (16% and 20%), and were supplemented with 7.7 mM BeF~3~^-^ or 500 μM AlCl~3~ and 2 mM HKF~2~ or 1.5 mM AlCl~3~ and 2 mM HKF~2~ depending on the growing conditions. X-ray diffraction data were collected on beamline ID23-1 of the European Synchrotron Radiation Facility (ESRF) and beamline XALOC of ALBA Synchrotron. Diffraction intensities were indexed and integrated using XDS ([@bib39]), and scaled using AIMLESS ([@bib80]). Molecular replacement was performed with PHASER ([@bib52]) using the previously determined structure (PDB 4o2b) as a search model. Structures were completed with cycles of manual building in COOT ([@bib28]) and refined in PHENIX ([@bib1]), which allowed the determination of alternative conformations on different residues at main chains. Data collection and refinement statistics are summarized in [Table 1](#table1){ref-type="table"}. The ligand interfaces of this structure and other tubulin structures in the curved (PDBs 5xp3, 3ryh, 4i55) or straight (PDBs 3jat, 3jal, 3jar, 3jak, 6ecx) conformations were analyzed using PDBe PISA ([@bib44]). Omit maps were calculated in PHENIX using Cartesian annealing and harmonic retrains on the omitted atoms (BeF~3~^-^ or AlF~3~).

Microtubule assembly and Cr determination {#s4-3}
-----------------------------------------

Tubulin (calf brain purified or fully GDP- exchanged as described above) was exchanged into MEDTA buffer and mixed at a 60:40 ratio with a 8.5 M glycerol, 100 mM MES, 1 mM EDTA buffer pH 6.7 (final buffer concentrations 100 mM MES, 3.4 M glycerol, 1 mM EDTA, 0.6 mM GDP, pH 6.7). These samples were supplemented with MgCl~2~ and increasing concentrations of BeF~3~^-^, 3 mM HKF~2~ plus increasing concentrations AlCl~3~, 30 μM GTP plus increasing concentrations of BeF~3~^-^ or 30 μM GTP plus 3 mM HKF~2~ plus increasing concentrations of AlCl~3~. The solutions were warmed up to 37°C, and incubated as long as needed to reach polymerization equilibrium. The assembly was monitored by turbidity at a wavelength of 350 nm. Alternatively, the polymers formed were sedimented at 100,000 *g* for 20 min in a TLA 100 rotor equilibrated at 37°C. Supernatants were separated by aspiration, and pellets were resuspended in a 1% SDS, 10 mM phosphate buffer. Tubulin concentration in pellets and supernatants was measured spectrofluorometrically by excitation at 280 nm and emission at 320 nm ([@bib9]) employing a Shimadzu RF-540 fluorometer (excitation and emission slits, 5 nm) calibrated with standards of known concentration prepared from the same tubulin. Apparent polymer growth equilibrium constants were estimated as the reciprocal of the critical concentrations for polymerization determined at several total protein concentrations ([@bib63]).

MT shear-flow alignment and X-ray fiber diffraction experiments {#s4-4}
---------------------------------------------------------------

X-ray fiber diffraction data were collected on beamlines BL11-NDC-SWEET and BL40XU of ALBA (Spain) and SPring-8 (Japan) synchrotrons. Purified bovine brain tubulin (5 mg) was diluted in 500 μL to a final concentration of 100 μM on PM buffer containing 3 mM MgCl~2~ and either 2 mM GTP, 0.5 mM GMPCPP, 5 mM GMPCP, 5 mM GMPPCP, 2 mM GTP + 10 mM BeF~3~^-^, 2 mM GTP + 500 μM AlCl~3~ + 2 mM HKF~2~, 2 mM GTP + 200 μM taxol, 2 mM GTP + 10 mM BeF~3~^-^ + 200 μM taxol or 2 mM GTP + 500 μM AlCl~3~ + 2 mM HKF~2~ + 200 μM taxol. GDP-tubulin was obtained from GTP-tubulin by hydrolysis as described above, and then supplemented with 1 mM GDP + 10 mM BeF~3~^-^ or 1 mM GDP + 500 μM AlCl~3~ + 2 mM HKF~2~. All samples were incubated for 20 min at 37°C to induce the maximum fraction of polymerized tubulin, and then were mixed in a 1:1 vol ratio with PM buffer at 3 mM MgCl~2~ containing 2% methylcellulose (MO512; Sigma-Aldrich). Final concentration of nucleotides, salts and drugs were 1 mM GTP, 0.25 mM GMPCPP, 2.5 mM GMPCP/GMPPCP, 1 mM GTP + 10 mM BeF~3~^-^, 1 mM GTP + 500 μM AlCl~3~ + 2 mM HKF~2~ (salts were not diluted because methylcellulose was further supplemented) and 100 μM taxol. Samples were centrifuged 10 *s* at 2000 *g* to eliminate air bubbles and were transferred to the space between a mica disc and a copper plate with a diamond window in the shear-flow device ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}, ([@bib40]; [@bib76]). The device was kept at 37°C during measurements and the mica disc spun at 10 rps to achieve the shear flow alignment. Several experiments were recorded using different sample-to-detector distances and wavelengths, collecting 150 *s* exposure time images on a PILATUS3S-1M detector. Background images were acquired in the same conditions, using PM buffer containing 3 mM MgCl~2~ with 1% methylcellulose without tubulin. A total of 16--24 diffraction images were averaged for each condition and background subtracted using ImageJ (version 1.51j8; Wayne Rasband, National Insitutes of Health, Bethesda, USA). Angular image integrations were performed using the XRTools software (obtained upon request from beamline BM26-DUBBLE of the ESRF), where the spatial calibration was obtained from Ag-Behenate powder diffraction. For data analysis, we considered MTs as cylinders with a three-start helical pattern. The diffraction pattern of MTs comprises layer lines (*l*) each defined by a group of Bessel functions of order *n.* Their structural factor F in the reciprocal space (R) is described by [Equation 1](#equ1){ref-type="disp-formula"} ([@bib42]):$$F_{l,n}\left( R \right) = \ J_{n}\left( {2\pi r_{m}R} \right)f\left( R \right)$$where *J~n~* is the *n^th^* Bessel function, *r~m~* is the radius of a MT with *m* PFs and *f(R)* is the structural factor of the sphere defined by [Equation 2](#equ2){ref-type="disp-formula"} ([@bib46]):$$f\left( R \right) = 4\pi r_{t}^{3}\frac{{\sin\left( {2\pi r_{m}R} \right)}cos\left( 2\pi r_{m}R \right)}{\left( 2\pi r_{m}R \right)^{3}}$$

This expression is used to include the structural factor of the tubulin wall in the calculation where $r_{t}$ is the radius of the tubulin monomer considered as a sphere, with a value of 2.48 nm ([@bib40]). For radial structural parameters (average MT radius, *r~m~*; average PF number, *m~a~*; and average PF distances, *d~m~*), we analyzed the central-equatorial intensity profile (*l* = 0) ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"} blue line). The relationship between diffraction intensity and the structural factor is represented in the expression [Equation 3](#equ3){ref-type="disp-formula"} ([@bib3]; [@bib19]):$$< I_{l,n}\left( R \right) > \, = \left| {F_{l,n}\left( R \right)} \right|^{2}$$

The intensity of this layer line *I(R)* at a reciprocal distance (*R*) results from a MT mixed population with different PF numbers (*m*), often from 10 to 15. Considering *w~m~* as the fraction of MTs with *m* PFs, the resulting intensity was deconvolved as the sum of intensities of individual structure functions $F_{l,n}$ ([Equation 4](#equ4){ref-type="disp-formula"})$$< I_{l,n}(\mathit{R}) > \, = \,\sum\limits_{\mathit{m}}\mathit{w}_{\mathit{m}}(\sum\limits_{\mathit{n}}|\mathit{F}_{\mathit{o},\mathit{n}}(\mathit{R})|^{2})$$

In the *l* = 0 layer line, diffraction intensity is explained by *J~0~* and *J~n~* where *n* = *m* ([@bib63]). Therefore, from [Equation 4](#equ4){ref-type="disp-formula"} we obtain the following expression ([Equation 5](#equ5){ref-type="disp-formula"}):$$< I_{l,m}(R) > \, = \,\sum\limits_{m}w_{m}\,(\left| {F_{0,0}\left( R \right)} \right|^{2} + \left| {F_{0,m}\left( R \right)} \right|^{2})$$

From [Equation 1](#equ1){ref-type="disp-formula"} and [Equation 5](#equ5){ref-type="disp-formula"} we derive the [Equation 6](#equ6){ref-type="disp-formula"}:$$< I_{l,m}\left( R \right) > \, = \ \sum\limits_{m}w_{m}\left( {\left( {f\left( R \right)J_{0}\left( {2\pi r_{m}R} \right)} \right)^{2} + \left( {f\left( R \right)J_{m}\left( {2\pi r_{m}R} \right)} \right)^{2}} \right)$$

This equation was used for iterative fitting by least squares of the experimental intensities using the Solver function in Excel (Microsoft, 2010 version). For inter-PF distance determination (*d~m~*), *r~m~* was used as the apothem of an *m*-apex MT in which the linear distance between them is calculated according to [Equation 7](#equ7){ref-type="disp-formula"}:$$d_{m}\left( r \right) = 2r_{m}sin\left( \frac{\pi}{m_{a}} \right)$$

The standard error of these calculated values was determined from the ratio between the experimental maximum intensities values of *J~0~* and *J~n~* and their standard deviation. For the determination of the average monomer lengths, we analyzed the intensity profile of the central-meridional signals ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}, red line). The 4^th^ harmonic of the first layer-line (l = 4)) was fitted to a single-peaked Lorentzian function using Sigma-Plot software (version 12.0), in which the position of the maximum of intensity corresponds to ¼ of the average monomer length at the reciprocal space. The standard error was obtained from the standard deviation of the regression applied.

Negative-staining and cryo-electron microscopy {#s4-5}
----------------------------------------------

For negative-stain experiments, samples of the assembled tubulin were routinely adsorbed to carbon-coated Formvar films on 300-mesh copper grids, stained in 2% uranyl acetate and observed with a JEOL JEM-1230 at 40,000 K magnification with a digital camera CMOS TVIPS TemCam-F416.

For cryo-EM experiments, tubulin was isolated from porcine brain by two cycles of assembly disassembly ([@bib13]), followed by a final cycle in the absence of free GTP ([@bib57]). GDP-tubulin was obtained in BRB80 and stored at −80°C before use. Spectrophotometry was used to determine suitable conditions for cryo-EM. GDP-MTs were polymerized at a final tubulin concentration of 40 µM in BRB80 (80 mM K-Pipes, 1 mM EGTA, 1 mM Mg^2+^, pH 6.8 with KOH), 1 mM GTP, 35°C. GMPCPP-MTs were polymerized at 10 µM tubulin concentration in BRB80, 0.1 mM GMPCPP, 35°C. GDP/BeF~3~^-^-MTs were assembled using a seeded strategy. GDP/BeF~3~^-^-MT seeds were polymerized at 40 µM tubulin concentration in BRB80, 25% glycerol, 20 mM NaF, 5 mM BeSO4^-^, 35°C for 1 hr. MTs were sheared by sonication (30 *s*) followed by up-and-down pipetting, and were diluted 1/10 in pre-warmed tubulin at 40 µM with the same buffer composition but in the absence of glycerol, giving a final glycerol concentration of 2.5% suitable for cryo-EM experiments. The presence of aggregates was checked by switching the temperature to 4°C once the MTs reached steady state. Cryo-EM grids were typically prepared after \~1 hr of assembly. Tobacco Mosaic Virus (TMV) was added to the suspensions before polymerization to be used as internal calibration standards. Four µl samples were pipetted and deposited at the surface of holey-carbon coated grids (R3.5/1, Quantifoil) in an automatic plunge freezer (EM-GP, Leica) under temperature and humidity controlled conditions. Grids were stored in LN~2~ before use. Specimen grids were loaded onto a cryo-holder (model 626, Gatan), and were observed in a 200 kV electron microscope (Tecnai G2 Sphera, FEI) equipped with a LaB~6~ cathode and a 4k × 4 k CCD camera (USC4000, Gatan). Images were taken at a nominal magnification of 50,000 X using a −1.5 µm to −3 µm defocus range. Images were further calibrated using the 2.3 nm layer line of the TMVs added to the suspensions, which gave a pixel size of 2.16 ± 0.01 Å (n = 27). Individual MT images were straightened using TubuleJ ([@bib7]), which allows a semi-automatic determination of MT centers using the phase information on *J~0~* in the FFT of the MT images. The PF skew angle '*θ~exp~*' was determined from the length of the moiré patterns (*L*, or ½ *L* in the case of 13_3 MTs) in the *J~0~+J~N~* filtered images of the MTs using:$$\theta exp = {sin}^{- 1}\left( \frac{\delta x}{L} \right)$$where *δx* denotes the lateral separation between PFs (*δx* = 48.95 Å). This latter value was estimated from the increase in MT diameter with PF number in 3D maps of MTs ([@bib77]). The sign of *θ~exp~* was deduced from the analysis of the respective positions of *J~S~* and *J~N-S~* on the '4 nm layer lines' on the FFT of the MT images. Series of tilted images were also used ([@bib16]) in cases where the separation between *J~S~* and *J~N-S~* was minimal (e.g. 13_3 MTs). The monomer spacing along PFs *a* was determined from the position of the *J~S~* layer line in the FFT of the MT images (*S*: monomer helical rise). The theoretical PF skew angle *θ~the~* on any N_S MT can be calculated using the following formula ([@bib17]):$$\theta the = {\tan^{- 1}\left( \frac{1}{\delta x} \right.} - \left( \frac{Sa}{N} - r \right))$$

The inter-PF rise *r* was calculated according to the following formula ([@bib17]):$$r = \frac{Sa}{N} - \frac{\delta x^{2}}{L\sqrt{1 - \left( \frac{\delta x}{L} \right)^{2}}}$$where *N* denotes the PF number of MTs.

Microtubule nucleotide content {#s4-6}
------------------------------

Fully GDP-exchanged tubulin was obtained as described before in MEDTA with 3.4 M Glycerol, 0.1 mM GDP, 6 mM MgCl~2~, pH 6.7. 40 μM GDP-tubulin in the presence of 0.1 mM GTP or 0.1 mM GTP and 50 μm Taxol was incubated at 37°C for 30 min. MTs were sedimented as above and pellets were resuspended in 10 mM phosphate buffer. Nucleotide extraction and HPLC separation were then carried out to determine the concentration of each nucleotide as described ([@bib24]).
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**Acceptance summary:**

The manuscript by Estévez-Gallego et al. sets out to investigate the conformational state of tubulin in different nucleotide states, aiming to shed light on the mechanism of dynamic instability in microtubules. They present crystal structures of curved tubulin dimers in the presence of two fluoride salts that act as γ-phosphate mimics when combined with GDP. Based on the conformation of the active site, they conclude that GDP-BeF~3~-accurately mimics the GTP-bound state of tubulin, and GDP-AlF~3~-mimics a transitional GDP-Pi state. They show that the two fluoride salts both facilitate microtubule polymerization and stabilization, similar to the commonly used γ-phosphate mimic GMPCPP. They then use X-ray fiber diffraction and cryoEM imaging to measure the lattice spacing of microtubules assembled with different nucleotides. Based on these measurements and the snapshots in the crystal structures, they present a model for microtubule polymerization.

Their key finding is that the lattice spacing in both the GTP-mimic state (GDP-BeF~3~-) and GDP-Pi-mimic state (GDP-AlF~3~-) is equivalent to that in the GDP state (\~8.1nm/dimer). This contradicts the prevalent model in the field, in which the GTP-bound lattice has an extended spacing of \~8.3nm/dimer, and collapses to \~8.1nm/dimer upon hydrolysis and/or phosphate release. These conformational changes are thought to weaken lateral interactions, leading to depolymerisation being favoured in the GDP-bound state. As such, the results presented in this study challenge this model, and are such of great interest to the field.

**Decision letter after peer review:**

\[Editors' note: the authors submitted for reconsideration following the decision after peer review. What follows is the decision letter after the first round of review.\]

Thank you for submitting your work entitled \"Structural model for differential cap maturation at growing microtubule ends\" for consideration by *eLife*. I regret to inform you that your work will not be considered further for publication in *eLife* at this time. While there was overall enthusiasm for the work, the reviewers felt that additional work is necessary to support the conclusions and that the work needed would take more than two months to complete. Since it is the policy at *eLife* not to request additional experiments that would take more than two months, we are rejecting the manuscript at this time. Given the favorable opinion of the work overall, we would be happy to consider another submission that includes the additional work suggested.

Your article was assessed by three peer reviewers, one of whom is a member of our Board of Reviewing Editors, and the evaluation has been overseen by a Senior Editor. The following individual involved in review of your submission has agreed to reveal their identity: Andreas Hoenger (Reviewer \#3).

As you will see from the comments below, the reviewers found much to like about your manuscript, but overall have a number of concerns. At the moment there are too many points that need to be addressed for the time frame that *eLife* allows for revisions. From the reviewers' discussion, the question of cryoEM analysis came up. All reviewers felt that this would add strong support to your model.

Reviewer \#1:

The manuscript by Estévez-Gallego et al. sets out to investigate the conformational state of tubulin in different nucleotide states, aiming to shed light on the mechanism of dynamic instability in microtubules. They present crystal structures of curved tubulin dimers in the presence of two fluoride salts that act as γ-phosphate mimics when combined with GDP. Based on the conformation of the active site, they conclude that GDP.BeF~3~- accurately mimics the GTP-bound state of tubulin, and GDP.AlF~3~- mimics a transitional GDP-Pi state. They show that the two fluoride salts both facilitate microtubule polymerization and stabilization, similar to the commonly used γ-phosphate mimic GMPCPP. They then use X-ray fiber diffraction to measure the lattice spacing of microtubules assembled with different nucleotides. Based on these measurements and the snapshots in the crystal structures, they present a model for microtubule polymerization.

Their key finding is that the lattice spacing in both the GTP-mimic state (GDP-BeF~3~-) and GDP-Pi-mimic state (GDP.AlF~3~-) is equivalent to that in the GDP state (\~8.1nm/dimer). This contradicts the prevalent model in the field, in which the GTP-bound lattice has an extended spacing of \~8.3nm/dimer, and collapses to \~8.1nm/dimer upon hydrolysis and/or phosphate release. These conformational changes are thought to weaken lateral interactions, leading to depolymerisation being favoured in the GDP-bound state. As such, the results presented in this study challenge this model, and are such of great interest to the field. I would recommend this paper for publication, however I have some reservations with the manuscript, outlined below, that would require rectification prior to publication.

Major Points:

• The manuscript is currently lacking a direct comparison between the GMPCPP and GDP-BeF~3~- structures. In Figure 1B (other issues stated below), the nucleotide in the GMPCPP, GTP and BeF~3~- structures all appear to be in a comparable conformation. Given this, why would GMPCPP and BeF~3~- stabilized microtubules display different lattice compaction states? Following this, if the GMPCPP and BeF~3~- structures are equivalent, why should the BeF~3~- lattice spacing be taken to be the state of the GTP lattice rather than GMPCPP? The authors conclude that GMPCPP is represents a \"hyper-active\" transition state, however this point has not been argued, and is not intuitive to me.

• Figure 1: This figure is very unclear. In Figure 1B, there are labels for four different structures (GMPCPP, GDP, GTP, BeF~3~-), however only two of these structures are shown in the ribbon representation. Despite this, I can make out four nucleotides and magnesium ions. The nucleotides are all superimposed but coloured the same (for non-carbon atoms), so it is difficult to see differences between them. In Figure 1C the viewpoint is different to Figure 1B, despite them being images of the same site in the protein and comparing the same features. It is unclear why they do not show the GTP structure in Figure 1C but do in 1B. Residues and loops are described in the text (subsection "Phosphate analogues mimic activation and transition states at the hydrolytic site") without being shown or labelled in the figure. The colours of the GMPCPP and AlF~3~- structures are too similar and should be changed. The authors should present this data more clearly and consistently. I think individual structures should be shown as well as comparisons, because as it is information is getting lost. Most notably, it is very difficult to see how the AlF~3~- ion is being coordinated given that everything else is overlapping.

• Subsection "Phosphate analogues reveal lattice features for the GTP/GDP•Pi-bound states", paragraph three, Figure supplement -- In the diffraction patterns where it is concluded that there is no 8nm reflection (e.g., GDP-MT, GDP-BeF~3~-MT), the position that would be occupied by the 8nm reflection is obscured by the central peak. This makes it impossible to judge whether this reflection is present or not. If the authors can provide diffraction patterns with the contrast/saturation adjusted so that these positions are visible against the background, this concern would be rectified. However, if the background at the position of the reflections is never low enough to see the reflections, any discussion regarding the (lack of an) 8nm reflection should be removed from the manuscript.

Reviewer \#2:

Estevez-Gallego et al. have studied how different nucleotide analogs affect the conformation of ab-tubulin in its unpolymerized form (X-ray crystallography) or in microtubules (X-ray fiber diffraction). Based on their results they propose a model for the evolution of the stabilizing cap that differs from the dominant one, which is based primarily on structural observations from Eva Nogales\' lab that assumed GMPCPP was a faithful mimic of GTP. There is much to like about the manuscript -- I find the questions they are asking to be timely, and the proposal that the expanded state of the lattice is associated with π release is thought-provoking. I also think it is good for the field to have some uncertainty injected back into the discussion about the nature of the stabilizing cap and its relationship to nucleotide state. These are strengths of the manuscript. However, the manuscript also has significant weaknesses: the general presentation will in my opinion not be very accessible to a general reader, the fiber diffraction analysis is particularly hard to follow/assess, the new model for cap evolution is not well integrated with other findings, and it\'s not clear (to me) that the discussion of EB proteins in the context of this new model makes physical sense. Overall the negatives currently outweigh the positives.

Reviewer \#3:

This work describes an extensive structural study on tubulin in complex with stathmin, and tubulin polymerized into microtubules, under various nucleotide conditions. Overall, this is a great piece of work that deserves consideration by *eLife*. However, I believe there are a few points that could make the paper more convincing with regard to their interpretations. The presented data is mostly of excellent quality and state of the art. Some parts I might not fully understand, which may be due to my own deficits, hence, if the authors can prove me wrong, that would be fine. However, below are a few points that I would like to be answered before publication.

The crystal structures are from stathmin-tubulin complexes where stathmin induces a bent conformation, no matter which nucleotide is bound. Obviously, X-ray crystallography is the authors line of work, and the data itself looks flawless to me, but some interpretations that have been extrapolated to pure microtubules might be critical. However, given the most recent successes with microtubules and high-resolution cryo-EM, reaching towards 3 Å resolution these days, it might be useful to include such data for completeness, and confirmation of the predicted models, which, as we all know, are just models, and not structures.

I am not sure where again this \"expanded lattice\" model came from initially, but I am somewhat skeptical about its real existence.... If there is really such an expansion as modelled in Figure 4, this should have been seen way before by simple cryo-EM, even without any sophisticated image reconstruction procedures. What we have seen in cryo-EM is that microtubules that were polymerized in vitro (and maybe even in vivo: see Chretien\'s work) occasionally incorporate, or loose a protofilament, making them go from e.g., 13\'s to 14\'s. With cryo-EM it would be easy to distinguish this process from an actual expansion process. Unfortunately, also the Zhang publications do not show any cryo-EM raw data, although an expansion should be seen on such pictures.

The authors should mention that not only GTP hydrolysis affects binding factors via changes in the tubulin lattice, but more likely, binding factors change the tubulin lattice and strongly stabilize it (e.g., tau, some kinesins, etc.).

It is not clear to me how the authors measured the percentage of different types of MTs (e.g., 12-pfs versus 14ps, etc.) in their solutions. The supplementary figure shows very similar supertwist (and overall) patterns in all states (see also my comment on figure 4).

Figure 1: As I understand, these structures come from tubulin-stathmin (plus TTL) complexes. Hence, the conformations found there could be affected by that situation, and be quite different from a real microtubule complex. Otherwise, the quality of the data is impressive.

Figure 2: The negative stain electron micrographs are horrible (sorry)... showing huge amounts of junk next to the tubes plus vast amounts of depolymerized oligomers, especially in B. The little oligomers are formed after rapid depolymerization, and are often observed, but the large bits of junk might be caused by some purification issues, or else.

Figure 3: I must admit that, despite having dealt extensively with microtubule layerline patterns, this figure is a bit a mystery to me, especially the graphs D and E. Also, I cannot follow the protofilament estimation on 3C. However, the layerline pattern appears to come mostly from supertwisted microtubules that are larger in protofilament size than 13-type microtubule (the outer densities in layerline 1 of the supplementary data are all slightly beyond layerline 1, indicating a right-handed supertwist). This is not surprising given the polymerization conditions used (e.g., GMP-CPP produces mostly 14-protofilament MTs), and it does not really affect the interpretation on the various GTP states, except that the outer densities at layerline 1 indicates a supertwist, which should be noted. Also, typically layerline 1 should be assigned to the 8nm repeat (The tubulin-dimer length). Since that layerline is well visible in all diffractions, the numbering should start there. Otherwise, marking the 4-nm line as \#1 would suggest that α- and β-tubulin are identical. In principal, with supertwisted microtubules as the authors present, the layerline numbering should start with the supertwist helix (which is not visible here, except for the outer densities in layerline 1), and then, layerline 1 in this figure would actually be 34 or something.

Figure 4: The model of the expanded microtubule is mostly wrong. The seam, if present, is not including such a strange rearrangement of dimers as drawn here. The lateral contacts at the seam in this section are wrong as well and appears to go from one tubulin monomer to the interaction site of the next lateral dimer. Furthermore, the model of an expanded lattice, how do the authors know if this is not an effect of larger protofilament numbers at these nucleotide states (e.g., 14\'s instead of 13\'s)? To clarify this the authors would have to do a more carefully cryo-EM study. This way, the appearance of supertwisted microtubules becomes obvious directly from the micrographs. Cryo-EM of microtubules, if one does not aim for near-atomic resolution, is quite straightforward.

The supplementary figure compares diffraction from all these states. However, I have looked at helical tubulin diffraction for a good part of my scientific life, and I cannot see any major differences from that figure. Either there are none, or they should be made more obvious. Also, if some states should make a majority of 12-protofilament microtubules (e.g., with BeF~3~), then the supertwist reflection in what is here wrongly layerline 1, should be inside (towards the center of the diffraction), not outside as this reflection is in all shown diffractions.

Conclusions: If the authors can convince me of their points and answer my questions, the paper could be published.

\[Editors' note: further revisions were suggested prior to acceptance, as described below.\]

Thank you for submitting your article \"Structural model for differential cap maturation at growing microtubule ends\" for consideration by *eLife*. Your article has been reviewed by two peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Cynthia Wolberger as the Senior Editor. The following individual involved in review of your submission has agreed to reveal their identity: Andreas Hoenger (Reviewer \#3).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The manuscript by Estévez-Gallego et al. sets out to investigate the conformational state of tubulin in different nucleotide states, aiming to shed light on the mechanism of dynamic instability in microtubules. They present crystal structures of curved tubulin dimers in the presence of two fluoride salts that act as γ-phosphate mimics when combined with GDP. Based on the conformation of the active site, they conclude that GDP-BeF~3~- accurately mimics the GTP-bound state of tubulin, and GDP-AlF~3~- mimics a transitional GDP-Pi state. They show that the two fluoride salts both facilitate microtubule polymerization and stabilization, similar to the commonly used γ-phosphate mimic GMPCPP. They then use X-ray fiber diffraction and cryoEM imaging to measure the lattice spacing of microtubules assembled with different nucleotides. Based on these measurements and the snapshots in the crystal structures, they present a model for microtubule polymerization.

Their key finding is that the lattice spacing in both the GTP-mimic state (GDP-BeF~3~-) and GDP-Pi-mimic state (GDP-AlF~3~-) is equivalent to that in the GDP state (\~8.1nm/dimer). This contradicts the prevalent model in the field, in which the GTP-bound lattice has an extended spacing of \~8.3nm/dimer, and collapses to \~8.1nm/dimer upon hydrolysis and/or phosphate release. These conformational changes are thought to weaken lateral interactions, leading to depolymerisation being favoured in the GDP-bound state. As such, the results presented in this study challenge this model, and are such of great interest to the field.

Essential revisions:

Reviewer \#2:

The authors have done a nice job responding to the initial reviews, both in terms of making the writing clearer and also by incorporating cryo-EM data to complement the fiber diffraction.

I have one comment about the presentation that I think it would be nice for the authors to address more clearly. While the authors data do seem to support the idea that the conformation of tubulin in the GTP lattice is \'compacted\' (not expanded as seen with GMPCPP), the way the manuscript is written a reader might get the impression that the expanded conformation is entirely an artifact of using GMPCPP. While the authors mention in passing that an expanded conformation has been observed for yeast tubulin, I think it would be good if they also mentioned studies of *S. pombe*microtubules (from Carolyn Moores) and *C. elegans*microtubules (from Gary Brouhard), both of which also showed expanded lattices in non-GMPCPP states. I think a more nuanced discussion of this and what the authors think it might mean for dynamics and EB recognition would strengthen the manuscript.

Reviewer \#3:

This paper, overall, improved substantially. It seems as if a whole bunch of additional data has been produced, including the addition of the lattice analysis by Denis Crétien.

I still think the state of the negative staining EM in Figure 2 B and F are not very useful, and too small.

Figure 4A would benefit significantly from displaying what is there, but a bit larger and maybe shorter, and with an added axially compressed image that emphasizes the supertwist features, which here, for people only partially involved in this are invisible.

Also, the relationship between A and D is not directly visible. It could be worked out with a better display of the diffraction data. Left vrs right-handed supertwists have their distinct patterns.

Figure 4B is not helpful in this. The supertwist should show up as two strong layerlines around Bessel order -2, and the pattern there is indicative for left or right handedness.

10.7554/eLife.50155.sa2

Author response

\[Editors' note: The authors appealed the original decision. What follows is the authors' response to the first round of review.\]

> Reviewer \#1:
>
> \[...\] Major Points:
>
> • The manuscript is currently lacking a direct comparison between the GMPCPP and GDP-BeF~3~- structures. In Figure 1B (other issues stated below), the nucleotide in the GMPCPP, GTP and BeF~3~- structures all appear to be in a comparable conformation. Given this, why would GMPCPP and BeF~3~- stabilized microtubules display different lattice compaction states?

As mentioned by the reviewer, there are no differences when comparing high-resolution tubulin bent structures of the BeF~3~ -, GTP or GMPCPP-bound nucleotides. All three structures show the γ-phosphates/ BeF~3~ -- and T5 loops in very close positions denoting an equivalent β-tubulin top-surface prone to assembly. Hence, we presume that major differences occur on the straight conformation. Interestingly, there is a known linear dependence of tubulin assembly and Mg^2+^, which is incorporated into the lattice. However, from published cryo-EM MT structures, only CPP-MTs show this ion at the nucleotide-binding site. This could be related to a wash out effect during sample preparation or to a decrease on the occupancy due to weaker coordination. This difference would make questionable any comparison between curved (high-resolution and Mg^2+^) vs. straight (lower-resolution and no Mg^2+^) structures.

> Following this, if the GMPCPP and BeF~3~- structures are equivalent, why should the BeF~3~- lattice spacing be taken to be the state of the GTP lattice rather than GMPCPP?

There are several lines of evidence indicating that lattice expansion is not related to the GTP-bound state. First, GMPPCP-MTs (another GTP analogue) display a compact state similarly to BeF~3~-. Second, GMPCP-MTs (a GDP analogue and the hydrolyzed version of GMPCPP) show an expanded lattice, suggesting a link between the presence of the methylene group in these analogues and the lattice expansion. It should be noticed that ATP analogues chemical properties are quite different than those of ATP, they display phosphate ionization constants (Blackburn GM, Kent DE, Kolkmann F. 1981. JCS Chem Comm: 1188-1190) and bind divalent ions with highly different strengths (Yount RG, Babcock D, Ballantyne Wm, Ojala D. 1971. Biochemistry 10 (13): 2484-89). This is key and makes the difference so AMP-PNP (an ATP analogue) can be a substrate or cannot be for different ATPases (Yount RG, Babcock D, Ballantyne Wm, Ojala D. 1971. Biochemistry 10 (13): 2484-89). Hence, we presume that the insertion of the methylene group between α and β phosphate might induce such differences at the nucleotide properties that favors such huge differences on the protein-protein interface. Which are the specific changes on the nucleotides, and how these are affecting tubulin axial interface on the straight conformation is difficult to figure out from available structures because the unambiguous determination of nucleotides geometry requires resolutions below 3.5Å. We have now included this comparison on the Results section (subsection "MT lattice expansion is not related to its GTP-bound state").

> The authors conclude that GMPCPP is represents a \"hyper-active\" transition state, however this point has not been argued, and is not intuitive to me.

We apologize for the misunderstanding. We defined the expanded lattice as a 'hyper-active' state because this structure is linked to highly stable MTs (GMPCPP and paclitaxel). However, we agree that this is inexact because GMPCP does not favor tubulin nucleation whereas it induces expanded lattices. Thus, we have avoided the use of this term in the new version of the manuscript.

> • Figure 1: This figure is very unclear. In Figure 1B, there are labels for four different structures (GMPCPP, GDP, GTP, BeF~3~-), however only two of these structures are shown in the ribbon representation. Despite this, I can make out four nucleotides and magnesium ions. The nucleotides are all superimposed but coloured the same (for non-carbon atoms), so it is difficult to see differences between them. In Figure 1C the viewpoint is different to Figure 1B, despite them being images of the same site in the protein and comparing the same features. It is unclear why they do not show the GTP structure in Figure 1C but do in 1B. Residues and loops are described in the text (subsection "Phosphate analogues mimic activation and transition states at the hydrolytic site") without being shown or labelled in the figure. The colours of the GMPCPP and AlF~3~- structures are too similar and should be changed. The authors should present this data more clearly and consistently. I think individual structures should be shown as well as comparisons, because as it is information is getting lost. Most notably, it is very difficult to see how the AlF~3~- ion is being coordinated given that everything else is overlapping.

We have followed the reviewers' advice in making a new figure. In one panel we highlight the residues mentioned on the manuscript (as stick representations) and secondary structural elements surrounding the nucleotide. In several panels we display the superposition of BeF~3~ -- and AlF~3~ with other nucleotide bound structures. We have decreased the intensity of GMPCPP orange to increase the differences between GMPCPP and AlF~3~. These panels display the same orientation to make them clearer for the reader. We also have added the composite omit map of each of the structures solved, including two views of AlF~3~ so the reader can have a better overview of the AlF~3~ position and coordination. We hope that the figure is clearer for the reader.

> • Subsection "Phosphate analogues reveal lattice features for the GTP/GDP•Pi-bound states", paragraph three, Figure supplement -- In the diffraction patterns where it is concluded that there is no 8nm reflection (e.g., GDP-MT, GDP-BeF~3~-MT), the position that would be occupied by the 8nm reflection is obscured by the central peak. This makes it impossible to judge whether this reflection is present or not. If the authors can provide diffraction patterns with the contrast/saturation adjusted so that these positions are visible against the background, this concern would be rectified. However, if the background at the position of the reflections is never low enough to see the reflections, any discussion regarding the (lack of an) 8nm reflection should be removed from the manuscript.

We agree that it is difficult to see the 8nm-1 reflection in the figure presented. This is because under some conditions MT nucleation is defective whereas MT elongation is favored producing fewer but longer MTs, which has a strong effect of the resulting diffracting image and forced us to increase brightness/contrast levels to show the resolution of meridional signals (1nm-1 layer line). This is detrimental to equatorial signals that become very wide. We have prepared a new supplementary figure (Figure 3---figure supplement 2) where each condition is represented by one image showing the meridional signals and an inset image displaying the equatorial signals.

> Reviewer \#2:
>
> Estevez-Gallego et al. have studied how different nucleotide analogs affect the conformation of ab-tubulin in its unpolymerized form (X-ray crystallography) or in microtubules (X-ray fiber diffraction). Based on their results they propose a model for the evolution of the stabilizing cap that differs from the dominant one, which is based primarily on structural observations from Eva Nogales\' lab that assumed GMPCPP was a faithful mimic of GTP. There is much to like about the manuscript -- I find the questions they are asking to be timely, and the proposal that the expanded state of the lattice is associated with π release is thought-provoking. I also think it is good for the field to have some uncertainty injected back into the discussion about the nature of the stabilizing cap and its relationship to nucleotide state. These are strengths of the manuscript. However, the manuscript also has significant weaknesses: the general presentation will in my opinion not be very accessible to a general reader, the fiber diffraction analysis is particularly hard to follow/assess, the new model for cap evolution is not well integrated with other findings, and it\'s not clear (to me) that the discussion of EB proteins in the context of this new model makes physical sense. Overall the negatives currently outweigh the positives.

We acknowledge the interest expressed for the manuscript. To improve it we have worked on making easier to follow the fiber diffraction analysis, the reasoning of the model and its integration with other findings. We have done our best to simplify the results obtained.

> Reviewer \#3:
>
> This work describes an extensive structural study on tubulin in complex with stathmin, and tubulin polymerized into microtubules, under various nucleotide conditions. Overall, this is a great piece of work that deserves consideration by eLife. However, I believe there are a few points that could make the paper more convincing with regard to their interpretations. The presented data is mostly of excellent quality and state of the art. Some parts I might not fully understand, which may be due to my own deficits, hence, if the authors can prove me wrong, that would be fine. However, below are a few points that I would like to be answered before publication.
>
> The crystal structures are from stathmin-tubulin complexes where stathmin induces a bent conformation, no matter which nucleotide is bound. Obviously, X-ray crystallography is the authors line of work, and the data itself looks flawless to me, but some interpretations that have been extrapolated to pure microtubules might be critical. However, given the most recent successes with microtubules and high-resolution cryo-EM, reaching towards 3 Å resolution these days, it might be useful to include such data for completeness, and confirmation of the predicted models, which, as we all know, are just models, and not structures.

In this work we aimed to get an insight into the activation and stabilization mechanism on tubulin/MTs, and to this end we have tested a large number of conditions. As mentioned to reviewer 2, we used fiber diffraction because this technique allows:

1\) The inspection of filamentous samples obtained under a wide range of tested conditions, some of which would entail technical issues difficult to get over with cryo-EM (i.e. the use of crowding agents such as glycerol and methylcellulose that poorer S/N ratio).

2\) A quick data acquisition with a good throughput and accumulation of data from native (not frozen) samples obtained under a wide range of different conditions (i.e. solving the issue of comparability between tested assembly conditions).

3\) Very accurate measurements of both overall MT dimension and axial spacing because readily distinguishing between features that are identical in the population (monomer and dimer rise) from those that are not (PF number, supertwist).

4\) Getting a much higher S/N ratio for the equatorial signals (i.e. reflecting lateral interactions) that are clear at the J04 + Jn1 (giving good estimations of the mean diameter of MTs as well as the spacing between PFs (i.e., PF number)).

We totally agree that Cryo-EM structures will contribute on understanding the nature of protein protein interaction within the lattice but disagree on the resolution achieved. Most of the structures are far from the aforementioned 3 Å (some of them are at 3.5 Å but most of them are in the 4.2-4.5Å range). And high-resolution is crucial at some stages. For instance, we have argued to reviewer 2: 'in the view of our results we speculate that the GDP-Pi-MTs from Manka and Moores, 2018 are actually GTP-MTs'. It is easy to understand that at 4.2Å and in the view of the general consensus about GTP-bound state that must be in an expanded conformation, they assumed they got GDP-Pi instead of GTP at the nucleotide-binding site. However, both their map (that shows a continuous density with no breaks) and their PDB file (that shows a π at bonding distance of the β-phosphate) cast some doubts on their interpretation.

Considering the common voice from all three reviewers claiming for a direct validation of our fiber diffraction data with cryo-EM image, we have built collaboration with Denis Chretien (now a co-author in this work). He has contributed with cryo-EM images of MTs, their FFT and the analysis of MTs subpopulations according to the PF number under GDP-, GMPCPP- and BeF~3~ -conditions. We are really happy to show that these data correlate very well with previously presented x-ray shear-flow aligned fiber diffraction analyses and we hope the results presented are more convincing now.

*I am not sure where again this \"expanded lattice\" model came from initially, but I am somewhat skeptical about its real existence... If there is really such an expansion as modelled in Figure 4, this should have been seen way before by simple cryo-EM, even without any sophisticated image reconstruction procedures. What we have seen in cryo-EM is that microtubules that were polymerized* in vitro *(and maybe even* in vivo*: see Chretien\'s work) occasionally incorporate, or loose a protofilament, making them go from e.g., 13\'s to 14\'s. With cryo-EM it would be easy to distinguish this process from an actual expansion process. Unfortunately, also the Zhang publications do not show any cryo-EM raw data, although an expansion should be seen on such pictures.*

This is an important point and we have had extensive discussions with Denis Chrétien. Now we first discuss the model that is directly derived from our data: tubulin-GTP (BeF~3~ -) goes to GDPPi state (AlF~3~) and GDP-state without any change in the longitudinal dimension. This already challenges the established model of an extended GTP-state (GMPCPP), which would compact upon GTP hydrolysis (GTP-γ-S) proposed by the Nogales lab. Our cryo-EM data also show that the rotations involved in this model are simple consequences of the lattice accommodation to subtle changes in tubulin dimensions or helical rise.

However as a speculation based on indirect data, we now hypothesize that tubulin could expand after hydrolysis to facilitate π release (in terms of a putative Pi-Mg^2+^ complex release or charge compensation in the absence of Mg^2+^ coordination as presented in actual cryo-EM structures). It is true that nobody has observed this before by cryo-EM (including DC) implying that if expansion exits, it happens in a very narrow region (i.e. a few tens of nm) and/or it is a random process (making it blurred in the MT lattice). We hope that presenting this provocative hypothesis will force cryo-EM people to have a closer look at growing MT ends. We also hope that the new technologies available today (high-end cryo-EMs, direct-electron detectors) will allow cryo-EM specialist to challenge our hypothesis.

> The authors should mention that not only GTP hydrolysis affects binding factors via changes in the tubulin lattice, but more likely, binding factors change the tubulin lattice and strongly stabilize it (e.g., tau, some kinesins, etc.).

True. Many of these partner proteins actually modify MTs dynamics so it is not a big surprise that they modify the lattice structure. In fact, we have seen that CP-MTs show an expanded lattice whereas in Zhang et al., 2018 they found CP-MT-EB3 in a compact state. We suggest that the compaction might be a consequence of EB binding (Discussion paragraph five).

> It is not clear to me how the authors measured the percentage of different types of MTs (e.g., 12-pfs versus 14ps, etc.) in their solutions. The supplementary figure shows very similar supertwist (and overall) patterns in all states (see also my comment on Figure 4).

We have prepared a Figure 4---figure supplement 1 and improved the Materials and Methods section to make it clear to a general reader. As you indicated, the layer lines of 4nm-1 of tubulin repeat are curved partially due to the super-twisting of 14-15 MTs as described by Chretien and Fuller (Chretien and Fuller, 2000), but we did not use this profile data for further analysis because our methods could not completely exclude the possibility of MT misalignment by shearing (we estimated ca. 2-3º of deviations, paragraph two subsection "Phosphate analogues reveal lattice features for the GTP/GDP•Pi-bound states"). Curved layer line coming from misaligned MTs is more obvious in 1nm-1 signal. It also depended on the mechanical properties (flexural rigidity or persistence length) of MTs. We could not control such parameters. Thus, we suppose the J04 + Jn1 signal profile should be the best for the estimation of PF numbers. The correlation between these and cryo-EM data supports our calculations.

> Figure 1: As I understand, these structures come from tubulin-stathmin (plus TTL) complexes. Hence, the conformations found there could be affected by that situation, and be quite different from a real microtubule complex. Otherwise, the quality of the data is impressive.

We thank the reviewer for the comment. We agree that in MTs (straight conformation) the picture can be different. Unfortunately, cryo-EM structures are not giving enough resolution to build an unambiguous geometry of the nucleotides either (see comment above) making the full comparison difficult to approach

> Figure 2: The negative stain electron micrographs are horrible (sorry)... showing huge amounts of junk next to the tubes plus vast amounts of depolymerized oligomers, especially in B. The little oligomers are formed after rapid depolymerization, and are often observed, but the large bits of junk might be caused by some purification issues, or else.

We were aware about that! Although we have no clear cryo-EM images, we decided to keep the negative stain micrographs because we feel that the images are of sufficient quality to show that the change of turbidity in the Figure is due to MT polymerization and not another type of aggregation (i.e., tubulin rings formation).

Unfortunately it is impossible to get better images because most of the junk comes from BeF~3~ -- and AlFx precipitation (likely due to their high concentrations in the acidic environment of the uranyl acetate staining solution). Furthermore, in our experimental solutions the amount of protein is definitely huge for EM experiments which further complicate to get better images.

> Figure 3: I must admit that, despite having dealt extensively with microtubule layerline patterns, this figure is a bit a mystery to me... especially the graphs D and E. Also, I cannot follow the protofilament estimation on 3C. However, the layerline pattern appears to come mostly from supertwisted microtubules that are larger in protofilament size than 13-type microtubule (the outer densities in layerline 1 of the supplementary data are all slightly beyond layerline 1, indicating a right-handed supertwist). This is not surprising given the polymerization conditions used (e.g., GMP-CPP produces mostly 14-protofilament MTs), and it does not really affect the interpretation on the various GTP states, except that the outer densities at layerline 1 indicates a supertwist, which should be noted. Also, typically layerline 1 should be assigned to the 8nm repeat (The tubulin-dimer length). Since that layerline is well visible in all diffractions, the numbering should start there. Otherwise, marking the 4-nm line as \#1 would suggest that α- and β-tubulin are identical. In principal, with supertwisted microtubules as the authors present, the layerline numbering should start with the supertwist helix (which is not visible here, except for the outer densities in layerline 1), and then, layerline 1 in this figure would actually be 34 or something.

Panels 3D and 3E are the Intensity profiles vs. distances. We apologize the panel 3C is difficult to follow (reviewer 2 also pointed out this) and we have changed this plot into bars representation. We have improved this figure and prepared a supplementary figure to show our pipeline of work and data analysis. Hope this make the message clearer.

We have named the 4nm-1 repeat as the first layer line according to previous publications (Kamimura et al., 2016); we apologize because this is not consistent with the nomenclature in the EM field.

> Figure 4: The model of the expanded microtubule is mostly wrong. The seam, if present, is not including such a strange rearrangement of dimers as drawn here. The lateral contacts at the seam in this section are wrong as well and appears to go from one tubulin monomer to the interaction site of the next lateral dimer.

We apologize for the lack of consistency on the scheme. Lattice expansion was significantly emphasized to make easy to follow for a general reader. We have worked on it to fit the seam issues.

> Furthermore, the model of an expanded lattice, how do the authors know if this is not an effect of larger protofilament numbers at these nucleotide states (e.g., 14\'s instead of 13\'s)? To clarify this the authors would have to do a more carefully cryo-EM study. This way, the appearance of supertwisted microtubules becomes obvious directly from the micrographs. Cryo-EM of microtubules, if one does not aim for near-atomic resolution, is quite straightforward.

We can rule out this possibility because fiber diffraction allows very accurate measurements and readily distinguishing between features that are identical in the population (monomer and dimer rise) from those that are not (diameter, PF number). The PF number do not infer on the axial spacing estimation as probed by Px-MTs (expanded lattice) have an average PF number of 12.37 and AlFx-MTs (compact lattice) contain an average PF number of 13.4.

However, following the reviewers' general claim, we have included cryo-EM images of GDP-, GMPCPP- and BeF~3~-MTs. And these images beautifully correlate with the fiber diffraction data.

> The supplementary figure compares diffraction from all these states. However, I have looked at helical tubulin diffraction for a good part of my scientific life, and I cannot see any major differences from that figure. Either there are none, or they should be made more obvious. Also, if some states should make a majority of 12-protofilament microtubules (e.g., with BeF~3~), then the supertwist reflection in what is here wrongly layerline 1, should be inside (towards the center of the diffraction), not outside as this reflection is in all shown diffractions.

Indeed, in 12_3 microtubules (12 protofilaments and 3-start monomer helices), the outer densities on the '4 nm layer line' are away from the equator since the protofilaments are righthanded. This is now displayed in Figure 4---figure supplement 1, which compares diffraction patterns of 12_3 and 14_3 microtubules.

> Conclusions: If the authors can convince me of their points and answer my questions, the paper could be published.

We hope our comments sound convincing and changes on the manuscript satisfy the reviewer's expectations.

\[Editors' note: what follows is the authors' response to the second round of review.\]

> Essential revisions:
>
> Reviewer \#2:
>
> The authors have done a nice job responding to the initial reviews, both in terms of making the writing clearer and also by incorporating cryo-EM data to complement the fiber diffraction.
>
> I have one comment about the presentation that I think it would be nice for the authors to address more clearly. While the authors data do seem to support the idea that the conformation of tubulin in the GTP lattice is \'compacted\' (not expanded as seen with GMPCPP), the way the manuscript is written a reader might get the impression that the expanded conformation is entirely an artifact of using GMPCPP. While the authors mention in passing that an expanded conformation has been observed for yeast tubulin, I think it would be good if they also mentioned studies of S. pombe microtubules (from Carolyn Moores) and C. elegans microtubules (from Gary Brouhard), both of which also showed expanded lattices in non-GMPCPP states. I think a more nuanced discussion of this and what the authors think it might mean for dynamics and EB recognition would strengthen the manuscript.

We agree, actually we think that it is very likely that the expanded conformation has any physiological relevance; accordingly we have followed the reviewer advice and made some modification among the Discussion section. However, more high-resolution data of those MTs (yeast and worm) on the GTP-bound state will be key on unraveling the compact-to-expanded transition in non-mammalian MTs

> Reviewer \#3:
>
> This paper, overall, improved substantially. It seems as if a whole bunch of additional data has been produced, including the addition of the lattice analysis by Denis Crétien.
>
> I still think the state of the negative staining EM in Figure 2B and F are not very useful, and too small.

In this point we disagree because we feel that it is still important to illustrate how length measurements were performed, and also assess the presence of MTs in the sample. However accordingly to the recommendations we have moved it to Figure 2---figure supplement 1.

> Figure 4A would benefit significantly from displaying what is there, but a bit larger and maybe shorter, and with a added axially compressed image that emphasizes the supertwist features, which here, for people only partially involved in this are invisible.

We are not keen on doing an anisotropic reduction of size of these images, since we feel that it may confuse the reader. We are aware that the moiré pattern in 13_3 GDP-BeF~3~^-^- and GMPCPP-MTs is indeed very long, which reflects the fact that their PF skew angle is very low (-0.20° and +0.30° respectively for the MTs displayed in the figure), but we think that an axial reduction in size would give the impression that the protofilament skew angle is higher than those values. In order to help the reader, we have added numbers with arrows close to the filtered images, which indicate the number of internal dark fringes inside the images and how they are off-center with respect to the microtubule axis. We have modified the figure legend accordingly.

> Also, the relationship between A and D is not directly visible.

Following the advice we have modified panel A. The relationship is the following: when fringes are parallel (GDP-MT in A) the protofilaments are not skewed (θ=0° in D), and when they show moiré patterns (GDP-BeF~3~^-^- and GMPCPP-MTs in A), the protofilaments are skewed (θ = -0.20° or +0.30°, respectively, in D). We hope that this relationship is now more straightforward visible.

> It could be worked out with a better display of the diffraction data. Left vrs right-handed supertwists have their distinct patterns.

In order to better display the data the supertwist is now shown in the blow-up images of Figure 4C. In this way Figure 4B highlight the differences in tubulin monomer spacing along PFs between the different types of MTs, i.e. the relative positions of their nominal '4 nm layer lines'. Only these values are given in this panel.

> Figure 4B is not helpful in this. The supertwist should show up as two strong layerlines around Bessel order -2, and the pattern there is indicative for left or right handedness.

We respectfully disagree, the separation between the *J~S~* and *J~N_S~* layer lines will depend directly on the protofilament skew angle. Since the angle is very low in 13_3 GDP-BeF~3~^-^- and GMPCPP-MTs (see above), they remain very close to each other in their diffraction patterns, and thus do not appear as "two strong layer lines". However, their respective position with respect to the equator provides a direct measure of the PF handedness (see legend). Note that when the protofilament skew increases such as in 12_3 or 14-MTs (Figure 4---figure supplement 1), the separation between those layer lines also increases, but they still remain close to each other. Our experience with more skewed MT types such as 15_3, 15_4, 14_4 or 13_4 tells us that to have two strong and well separated *J~S~* and *J~N_S~* layer lines as suggested by the reviewer, but one needs PF skew angles larger than \~ ± 1.5° to observe this pattern, which is not the case for the MT types reported in this study.

[^1]: These authors contributed equally to this work.
